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ABSTRACT

Manual flight control systems are described in which the sole means of
control between the pilot's station and the control actuator is in the form
Oof electrical signals. No mechanical control links are used in the system.
Such a system where vehicle motion is the controlled parameter is defined as
a fly-by-wire control system. Because of the growing number and severity of
problems in mechanical control systeme, particularly in large and high speed
aircraft, fly-by-wire systems are evolving out of necessity. Fly-by-wire
control is shown to provide many advantages over conventional mechanical flight
control systems. Principally, they are reduced weight and volume, jmproved
control performance, reduced design effort and maintenance time, the feasibility
of standardizing flight control systems, and reduced vulnerability. System
design requirements and tradeoffs are discussed such as the types of components
used, control signal format, method of transmitting signals, actuator con-
figurations, degrees of redundancy, failure detection techniques, and artificial
feel mechanization. Examples are given of the application of fly-by-wire con-
trol to various classes of aircraft. The primary benefits derived depend on the
class of aircraft. Control system technology has reached the point where
practical fly-by-wire system designs can be realized today. The next logical
step in its development 1s to build and fly a fly-by-wire system to demonstrate
its feasibility and after many flight hours to provide in-flight proof of 1its
maturity.

(This document is subject to special export controls and each transmittal to

foreign governments or foreign nationals may be made only with prior approval
of the AF Flight Dynamics Laboratory (FDCL).)
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SECTION I

INTRODUCTION

Alrcraft design is about to enter a new era in which the mechanization of
flight control systems will be electrical rather than mechanical. Electrical
flight control systems are commonly known as fly-by-wire systems. They will
be integrated with the automatic flight control systems to provide better
performing and more efficient military or civil aircraft. This report is an
introduction to fly-by-wire control system design. It establighes the system
requirements and design criteria for fly-by-wire control. It also establishes
the types of components available today and the combinations that are best
suited for mechanizing such systems.

A fly-by-wire flight control system is an electrical primary flight control
system employing feedback such that vehicle motion is the controlled para-
meter. No mechanical backup is used. Fly-by-wire has been studied and
proposed for at least the past 15 years, often under the title "Electrical
Flight Control Systems". However, past research has nearly always been
narrovly aimed at one or two specific approaches which replaced the link
between the control stick and the surface and ignored the handling

quality or feel requirements. This report satisfies a need for a more
general approach to the subject.

Although mechanical control system designs have improved tremendously through
the years both in techniques and materials, they have been having a progres-
sively more difficult time in keeping up with the performance gains and con-
trol requirements of successive generations of aircraft. Most designers have
agreed that fly-by-wire could solve the flight control problems if a practical
approach could only be mechanized. The problem has been that no one has
satisfactorily provided a practicable and reliable fly-by-wire system design
that could be produced with existing hardware. This problem has several
fecets. One primary factor has been the unavailability of components having
proven reliability. Another factor is that fly-by-wire design is a multi-
discipline venture that encompasses mechanical, electrical, and hydraulic
enginecring. Further, the application of redundancy has generally not been
well understood. This report will attempt to eliminate these factors to show
how a practicable, redundant fly-by-wire system can be mechanized using
available hardware.

This introduction is Section I of this report; Section IT presents the
sources of data included. Section III provides a historical perspective of
the evolution of flight control eystems including the previous and related
work on fly-by-wire and problems involved. Many discussions were held with
pilots and engineers in the aircraft industry to uncover problem areas in
flight control systems and to determine their attitudes and past and planned
work on fly-by-wire. Section IV discusses fly-by-wire control in general and
several existing systems in particular, such as the X=20 system, and several
pseudo fly-by-wire systems (having mechanical reversion) such as the F-111. A
component discussion rollows in Section V which describes availablc and pre=-
ferred devices. Section VI describes the system design critcria and trade-
offs. Candidate systems are described which satisfy the design criteria.

The results of simulation stulies of these systems arec described in
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Section VII, including limited breadboard model work. In Section VIII, the
mechanical control systems and equivalent fly-by-wire systems for the B-52,
F-111, and CH-U6 are compared to show the relative benefits for several
different classes of aircraft. After the conclusions and recommendations,
vhich are found in Section IX, a glossary of terms is presented in Section X
that establishes a much needed common vocabulary.




SECTION II
SOURCES OF DATA

1. LITERATURE

Because of the relative newness of the art of fly-by-wire design, no
single preferred source of data is available. Therefore, all likely infor-
mation sources were investigated during the program period to uncover data
on past, present, and planned projects. To cover as many sources of related
vork as possible, both a literature search and plant visits were carried out.
The literature search included an Abstract Bibliography Request from the
Defense Documentation Center and hand searches of the Technical Abstract
Bulletin, Science and Technical Aerospace Reports, International Aerospace
Abstracts, The Engineering Index, and the Applied Science and Technology
Index. The results of the search are found in References and Bibliography,
Section XI, at the end of the report.

2. PLANT VISITS

Because the greater share of work relating to fly-by-wire design has
never found its way into the literature, plant visits were made to various
airframe and actuator companies to determine their attitudes, past work, or
plans (if any) involving fly-by-wire control. The following companies were
visited and the personnel contacted are listed as follows:

29 April 1966 Grumman Aircraft Company, Bethpage, New York

Mechanical Systems Section
J. Leonard
J. Morgan
T. Cosbey
R. Magner
A, Sammis
H. Shephard

26 July 1966 The Boeing Company, Seattle, Washington

Control Dynamics Group
D. Bird
R. Hare
R. Burlow
D. Lewis
H. Toby

28 July 1966 North American Aviation, Los Angeles, California

B-TO Division
J. Campbell
B. Palarz
C. Crother




28 July 19656 Douglas Aircraft Company, Long Beach, California

Flight Controls Group
V. Sethre
G. Schlanert

22 November 1966 General Dynamics, Fort Worth, Texas

F-111 Control System Group
H. Z. Scott
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D. Irwin
3. RELIABILITY: THE NUMBERS GAME

A vord of caution on reliability data is in order at this point. Anyone
who has worked with reliability enough to be familiar with the various data
sources soon realizes that reliability may degenerate to a numbers game be-
cause of unreliability of the data. This is particularly true for noun-
electronic component data. The confidence level of electronic component data
can be made tolerably high because enough life test time can be accum:lated
on very large numbers of parts to constitute a significant sample. A readily
available source for such data, MIL-HDBK-217A (Ref 1), provides an acknow-
ledged common reference to back up arguments. Unfortunately this is not true
for nonelectronic components. Several widely quoted references (Ref 2, 3)
exist based on field data which have been accumulated in an attempt to bring
some order out of chaos in this area. Because of the lack of better (or any)
data, these sources are too often quoted incorrectly for the sake of quoting a
source, with the hope that it will add some credence to the argument at hand.
For example, an entry in reference 2 on component failure rates lists:
"mechanical assembly A =18.3 x 10-6". This value came from the linkages and
mechanisms of a bombsight; that is, a mechanical computing mechanism.
However, this number has been applied to many different types of linkages
ranging from a single actuator mechanical feedback link to an entire flight
control system. A second problem exists in the wide range of values which
can be found for a particular component, for example, an electrohydraulic
servovalve. The value ranges from 5 x 10-6 (Cadillac Gage) to 1.5 x 10-3
(Ref 3). Nothing is said in the sources about the type of valve, its



application, environment, or size. Further, the data are for valves in
service years before the source publication, and the valves were designed
several years before that. Hence, the data is anything but up to date. The
failure rate quoted in Avco for a servo amplifier of 37 x 1072 is another
misused figure since it refers to vacuum tube amplifiers wvhich are hard to
find these days except in the older aircraft. _An up-to-date value for a
transistor amplifier ranges from 4 to 12 x 106 each hour depending on the
design and application.

The point of this discussion is that data cannot be meaningfully quoted
from a source unless the source's application, environment, component type,
etc are known, and the quoter's application, environment, component type, etc
are similar. For this reason, the values employed in this report are not
quoted directly from any one source except for the electronics. Rather, a
reasonable estimate has been made based on all known source data plus
unpublished manufacturers' data where it is available. If the reader has
access to better data with an acceptable confidence level, he should make
appropriate corrections.
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SECTION III

HISTORICAL PERSPECTIVE AND PROBLEM DISCUSSION

1. FLIGHT CONTROL SYSTEM DEVELOPMENT
a. Control (inkages

In early days flying was solo in small, slow airplanes. Flying has
developed over the past 60 years until today aircraft carry upwards of 200
people at speeds up to 5 to 10 times as fast as ground transportation. De-
signers have done an excellent job of providing the pilot with controls that
can handle such craft when necessary, with powered assistance, i.e., mechan~-
ical reversion. The success of mechanical controls has prompted many people
in the field to believe that all future craft should be so controlled. Our
belief is that this attitude can compromise controls design such that flight
safety will be reduced and system complexity will be increased unduly.

Ever since the Wright brothers invented hinged control surfaces,
people have been looking for ways to reduce the moment required to move them.
Such developments include the adjustable stabilizer and aerodynamic balances.
Fixed balances (such as offset hinges, horns, overhangs, etc) soon gave way to
adjustable devices because the pilot could no longer cope with the incre-
mental forces on the larger and faster aircraft. Movable surfaces (i.e.,
tabs) solved this problem for a good while, but they in turn have reached
their limit in effectiveness.

Powered controls came about originally as part of the autopilot. A
limited authority actuator would move the controls for the pilot to maintain
level flight thereby lightening his work loads. With progressive increases
in eircraft size and speed, power boost became necessary to fully utilize the
available maneuverability. Fully powered controls came into being shortly
after World War II. Such controls are completely irreversible since the
pilot is no longer directly connected to the surfaces.

When power assist was added to the controls, control reversibility
was reduced and so was the pilot's control feel. Therefore, feel was
augnmented artificially with springs and dashpots. When the controls became
fully powered, all feel was lost. Therefore, all of the pilot's cues had to
be supplied artificially. While it is true that artificial feel is not
required in moving the control surfaces, it is required to give the pilot the
proper handling quality characteristics for control of the aircraft. The
artificial feel system then becomes an important and integral part of the
flight control system. The stability augmentation system and sutopilot must
also be included in these considerations since they alter the basic dynamic
and static stability and hence the handling qualities and feel characteristics
of the aircraft. This subject must be understood before adequate approaches
can be formulated.

The evolving control system has been further complicated by the
addition of stability augmenters and control stick steering. The latter was
added to reduce the effects of friction, inertia, and nonlinearities in the



control system. The simplified control system shown in figure 1 depicts the
simple reversible system vhich is sti.l used in light aircraft today. Here
all control forces are reflected back to the pilot's hand. This is no longer
the case in the irreversible fully-powered system shown in figure 2. There-
fore, an artificial force producer must be added as previously mentioned.
Control of the neutral position of the feel system as it changes with flight
condition is also required. This is a trim function very similar to the
simple system. A parallel input servo, figure 3, moves the control stick
along with the pilot. Such a servo commonly provides AFCS (Automatic Flight
Control System) inputs so that the pilot can observe and monitor its actions.
The series input servo, figure 4, adds to or subtracts from the pilot's
inputs so that no control stick motion occurs. This type of servo is com-
monly employed for stability augmentation signals which would otherwise cause
considerable high frequency activity at the control stick. Such motion would
be very annoying to the pilot. Figure 5 shows another {echnique for adding
series inputs vhich results in a lighter control system. Figures 6 and 7
show two types of control stick steering mechanizations. These schemes are
also called command or control augmentation systems. Their purpose is to
improve control response by bypassing control system friction, inertia,
deadzones, etc, and any other troublesome problem that the particular control
system might present. Such systems have been in use since about 1960 when
designers finally decided that perhaps the mechanical control system could no
longer cope with the control requirements of the aircraft. Control stick
steering or command augmentation, which is used on the F=111, the A-TA, the
supersonic transport (SST), and the jumbo jets (i.e., the C-5A and its deriva-
tives) emong others, 1s the forerummer of the fly-by-wire control system shown
in figure 8. The control stick steering system has now been refined to the
point wvhere it is in essence a fly-by-wire control system with mechanical
reversion. The last step in this evolution is to remove the backup system.

b. Mechanical Control Systems Problems

The relatively simple direct linkages, cables, and feel springs for
manual control described cannot meet the greater demands of advanced
aircraft control system design requirements. Simple manual control systems
have been replaced by complex nonlinear linkages, mixing assemblies, power
actuation devices, and active artificial feel systems. These complex manusal
control systems have increased requirements for space and weight in aircraft
where both are at a premium. Nonlinearities such as deadband, hysteresis,
and backlash result from the increased compliance, inertia, and friction of
complex mechanical devices. These nonlinearities degrade the performance of
the control system, and as a result, the full capebilities of the aircraft
are not realized. Additional control problems also result from temperature
variations and airfrarce flexibility. Now that full-time, full-power stability
or command augmentation systems (SAS or CAS) have arrived, the mechanical
system is used only in the event of a CAS failure. In certain aircraft, the
mechanical system may not even provide survival capability because of inherent
aircraft instabilities at some flight conditions. For safety and mission
reliability, therefore, the augmentation system must be as reliable as the
mechanical control system. Thus, the mechanical control system imposes a
veight and space penalty at certain flight conditions where it provides no
usable function. The solution to these problems is to replace the mechanical
control system with a fly-by-wire system.
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The complexity of modern control systems is readily apparent in
figure 9 vhich presents a slightly simplified diegram of the F-111 mechani-
cal pitch and roll flight control system. This system is a backup to a
primary electrical flight control system which is itself a fly-by-wire system.
General Dynamics recognized the potential difficulties of the mechanical
system vhen they relegated it to a stardby role. ‘'he following discussion
vill set forth the most notable problem areas that occur in mechanical sys-
tems along with some case histories. The application of fly-by-wire to
eliminate these problems is obvicus in most cases.

The controls designer must consider a large number of characteristics
and factors in establishing a flight control system design. Some of these
characteristics are required by the system. These typically include:

1) Nominal travel (6) Minimum increment of conmtrol
2) Operating loads (7) Positioning accuracy

3) Maximm velocity 58 Synchronization accuracy

4) Frequency response 9) stability

5) Sensitivity (10) Life

A number of negative characteristics also exist that tend to prevent the
designer from attaining his design goals. These typically include:

1) PFriction é'{ Inertia

2) Temperature change 8) Compliance
3) Deadbands (9) Body bending
4) Hysteresis (10) Routing

5) Backlash (11) Weight

(6) cComplexity (12) vVolume

The order of importance depends on the particular aircraft and does not neces-
sarily follow the above order. ‘the significance of most of these problem
factors grows along with the size of the airplane. For example, small fixed-
ving fighter/attack aircraft such as the F-5 and A-6A have relatively few
problems. Such aircraft in general would not benefit appreciably from the
application of fly-by-wire except to reduce control inertia, weight, and
volume. On the othexr hand, although all present VIOL designs are relatively
small, they would benefit appreciably from fly-by-wire because of the re-
duction in weight and complexity. Fly=-by-wire would typically reduce VTOL
veight by several hundred pounds and in some cases provide control designs
that are virtually impossible to obtain mechanically.

Friction is one of the biggeat bugaboos of the control designer. Low
system friction is essential to ensure that an otherwise excellent airplane
is not made unacceptable from a handling qualities point of view. Excessive
friction masks the control feel characteristics; this is particularly criticel
around neutral or trim position. Excessive control breakout forces due to
friction is particularly damaging to proper control feel. To provide positive
centering, a preload force larger than the friction force is required. Pre-
loads over 1-1/2 pounds are excessive since they produce & notch effect and
make simple tracking tasks very difficult. In very large aircraft such as
the C=5A, the breakout friction can be 8o high that it exceeds the average
pilot's capability to even move the controls. The SST will be nearly as bad.
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Estimates of performance on the mechanical system alone show that tl g accel-
eration overshoots are extremely likely. The common solution to these prob-
lems is to add a small parallel boost actuator to help the pilot overcome the
friction. Stick force transducers are now also required to control the boost
actuator. The actuator force output is limited to just below the friction
level s0 that a small additional force applied by the pilot moves the controls.
Friction causes control system hysteresis wvhich significantly affects how
closely the system returns to the trim position once it has been displaced. If
the pilot trims his stick forces for a particular trim speed, the hysteresis
could allow the speed to change significantly before an effect is felt at the
stick.

Any moving component in the control system adds friction. This
includes bearings, cable systems, hydraulic servovalves, cockpit pressure
seals, cartridge preload springs, fairleads and antibacklash springs. By
actual count, the F-111 system shown in figure 9 contains 11k bearings, 2
servovalves, 2 cockpit pressure seals and 3 feel springs. The factor that
saves this system 18 the unique bearing used that is self-lubricating and
has an extremely low friction level. Cockpit pressure neals presented a
large problem in at least one transport aircraft when over a period of time
tobacco tars accumulated in the seal lubricant and caused a dangerously high
friction level. Cable system friction is usually higher thai. pushrod system
friction. It depends on the number of pulleys and quadrants, travel, and the
rigging load. Tension regulators are required to maintain the desired tension
load to minimize friction.

Temperature changes also cause friction because of unequal expansion
between the airframe, which is aluminum, and the control system, which is
basically steel. In aircraft traveling below Mach 2, the temperature change
is due to altitude. The temperature differential ranges from over +120°F
(+48.9°C) on the ground to -85°F (=65°C) at high altitudes. The Martin
Seamaster, for example, could not fly higher than 25,000 feet because unequal
expansion would lock the control system. At one time the Convair 880 had a
dual cable consisting of an aluminum tubing over a spring. This system would
also lock up at high altitudes. Aircraft flying at Mach 3 or higher, such as
the B=70, A-11, and SST have a different temperature problem because of aero-
dynamic heating. At Mach 3 the skin temperature of the aircraft rises to over
500°F (260°C). Typically, the fuselage of the SST and B-TO grows 12 inches at
sustained Mach 3 speeds.

Temperature and moisture combine to cause icing which can aftect the
q-springs used in artificial feel systems. Moisture enters the pressure vents
and freezes on the bellows to lock the spring. The effects vary with the
system ranging from locked controls to soft, spongy controls.

Backlash and deadbands ar . very similar; backlash is free play and
deadbands are thresholds such as preload. Backlash is the more common
problem because it normally results from wear nt bearings and Joints. Back-
lash in the B-4T reportedly has been as large as 1/2 inch after a year of
flying. Backlash effects range from sloppy and unsatisfactory control
characteristics to PIO (pilot induced oscillations).

Complexity means an increase in the number of individual components
in the control system. This increases cost, weight, volume, failure rate,
spare parts, and uaintenance. Control system compiexity is primarily caused
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by the greater performance requirements of modern flight control systems,
Another cause of complexity is the very inefficient design practice of
stuffing the control system into whatever space is left after all of the other
subsystems are in the airplane. As the C~-5A and SST designers have no doubt
discovered, control system redundancy is yet another cause that has signifi-
cant cost, weight, and space penalties for a mechanical system. Until now the
mechanical systems have been low performance and easy to maintain, but this is
no longer true in the never aircraft.

Control complexity has a very decided effect on weight and design
tractability in VITOL aircraft as mentioned earlier in this discussion. The
thrust vector hover control for 1lift fan systems is a particularly complex
end difficult mechanical design problem. The mixing mechanism in tilt-wing
or engine designs used for transition from hover to cruise is large, heavy,
and also complex. These two areas are prime candidates for early application
of fly-by-wire technigues. Weight savings are particularly important in VIOL
aircraft because it improves the all-important power-to-weight ratio.

The complexity of the swing wing used on the F-~11ll1l and the Boeing SST
causcs a particularly difficult design problem for the lateral control system.
The variable wing sweep mecheaization requires a variable attachment point
for the spoiler control system linkage which consequently becomes a messy
design problem. General Dynamics chose to solve this problem on the F=11ll1 by
employing fly-by-wire techniques. No system failures or unusual problems
have occurred as of this date with over 2,000 flight hours being logged.

Control cable routing in the B-TO presented some difficult problems
because of the long runs, limited space, and friction effects. The throttle
system could not operate with the deadbands, hysteresis, and backlash inherent
in a mechanical cable system. The acceptable solution was to use fly-by-wire
control. The flight control system was not allowed to go fly-by-wire (which
seems inconsistent) although the cable routing problems were considerable.

The presence of the fuel cells in the fuselage complicated the routing
problem. All available routes either involved going ocutside of the airframe or
using an excessively large number of direction changes which would result in
intolerable friction and backlash. The solution was to use straight runs
down the fuselage through the fuel cells. Special seals were provided to

allow this path to be used. The expense and problems of going this route are
obvious.

Another problem involving control routing and fuel cells occurred in
the A-6A. The elevator and rudder control rods in this airplane are routed
along the top of the fuselage between the aft fuel cell and the airframe. On
occasion the fuel cell vent would stick while the aircraft was climbing. The
trapped air would expand the :ell enough to trap the control linkages against
the airframe thus locking the controls. Usually the vent would open in a
short time to restore normal control, but all pilots were not so lucky. Some
had to leave their airplanes.
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Control compliance and body bending (wvhich is airf.ame compliance)
cause similar problems, namely, deformation of the cou .21 system and/or
the airframe wvhen loads are applied. The effect is that of adding a spring
inside the control loop which is destabilizing. The added phase lag com-
monly reduces system performance, but it sometimes causes PIO. A much more
severe effect occurs vhen control system and airframe vibrational modes couple
into each other. The modes then reinforce each other, causing overstress or
fatigue in the airframe. This can either destroy the airplane or reduce its
life considerably.

The solution to these problems is to replace the mechanical control
system with fly-by-wire control. This presents a new set of problems in
designing practical fly-by-wire systems within the present state of the art
in controls design and components. The new problems are easier to solve,
however, as is discussed in later sections of this report.

c. Artificial Feel

Artificial feel is a very important and integral part of the flight
control system. In any control system design problem, the designer is given
a relatively fixed plant (the aircraft in this case) for which he must design
a controller (flight control system) that will cause the plant to behave in a
desired manner for specified inputs (the desired flight maneuvers). The con-
troller for a manned aircraft actually includes the pilot, but the controls
designer camnot do much about the design of the pilot any more than he can do
anything about the design of the aircraft (often to his chagrin). But he can
do a great deal about the design of the flight control system which, since it
primarily concerns artificial feel for the pilot, will be referred to as the
artificial feel system.

An extensive treatment of artificial feel is beyond the scope of this
report. Therefore, the following discussion will be of an introductory nature
only. For a more detailed discussion, see references (4), (5), (6), (T),

(8) and (9). To begin the discussion of artificial feel systems and its
philosophies, it would be worthwhile to clarify the reason for using artifi-
cial feel. The trend toward powered controls classically has been con=-
sidered to be the result of the high aerodynamic hinge moments asscciated
with higher performance aircraft. This is not the principal reason for the
use of powered controls. As the aircraft approaches the speed of sound, the
aerodynamic characteristics of the vehicle change quite rapidly, and as the
operational speeds move on into the supersonic region, the characteristics
settle down to entirely different values than those for subsonic. This change
is due to the aft movement of the center of pressure which at sonic velocities
moves around in an irregular manner. The net result is that the stick forces
are highly nonlinear and discontinuous in nature, both of which are un-
acceptable in terms of proper vehicle handling qualities. Accordingly, it
has been in the best interest to divorce the stick forces entirely from the
aerodynamic hinge moment forces, hence the birtn of irreversible control sys-
tems and artificial feel. The use of irreversible control systems, therefore,
is not because of the large hinge moments, but rather due to the deterioration
of the stick forces and handling qualities near and above the sonic barrier.
Artificial feel is then used to provide the proper handling characteristics
to the pilot. With such a system, the pilot is completely isolated from the
aerodynamic forces acting on the control surface. In the exact sense, a
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fly-by-wire system is an irreversible system in which the method of trans-
mitting the control signal is nonmechanical.

The artificial r’eel system has three purposes. First, it must provide
the proper force and position cues to allow the pilot to obtain near optimum
maneuver and path contrcl., Second, it must aid in preventing {nadvertexrt
overstressing of the ai:-frame. Third, the control motions under hands-of f
flight must result in satisfactory dynamic aircraft stability. The third
requirement is satisfied by the stabil!ty augmentation subsystem. 7he first
requirement is further subdivided into three areas: first, feel resulting
from a change in airspeed from the original equilibrium speed which is given
by the gradient of stick lorce per change in airspeed; second, feel resulting
from normal acceleration during a steady-state maneuver which is given by the
stick force required-for a given acceleration; and third, the feel resulting
from normal acceleratiun during a transient maneuver alsn given by the ratio
of stick for per incremental acceleration.

Although the requirement for artificial feel has been firmly estab-
lished, two separate philosophies exist on the manner in which characteristics
should be obtained. One states that the artificial feel should duplicate the
forces of the reversible control system since this 1s the framework around
which all flying qualities have been tailored. In this scheme, the artificial
feel varies the force gradient on the control stick as a function of flight
condition, but it does not vary the aircraft characteristics. The other
philosophy states that the forces of the reversible system need not be dupli-
cated to provide the best handling qualities. In this method, the feel system
fixes the control stick force gradient but varies the aircraft characteristics
to change the response to commands as a function of flight conditions. Both
methods use controllers to modify the pilot's inputs to the surface actuators
80 a8 to compensate for the aircraft's dynamic performance variation with
flight condition. The first method generally uses open-loop control tech-
niques. It measures the enviromment and/or flight condition (e.g., dynamic
pressure or trim) and then uses these parameters to vary the control stick
force gradient. The ratio of surface deflection to stick displacement
remains constant. The success of this method depends on how well the variable
force gradients match the desired gradients over the flight regime. For
subsonic flight the open loop method can match the gradients satisfactorily.
For transonic rlight the match becomes much more difficult to obtain; conse-
quently, the feel system generally requires a considerable degree of tompen=-
sation and becomes complex.

The second method uses closed-loop control techniques since it feeds
back the aircraft response (rate and acculeration) for summation with the
command inputs. The controller consists of a fixed spring force gradient
and model filter for shaping the command inputs. At this point the system
suns the shaped commands with the aircraft rate and acceleration feedback to
form what is basically an acceleration ¢ommand system. Since specific surface
positions are not commanded, the ratio of surface deflection to stick dis-
placement variee with flight condition. Using the aircraft as an element in
the forward path of a closed loop reduces the effects of its varying response
characteristics. Using this basic advantage of a closed-loop servo, the sys-
tem achieves a nearly constant acceleration response for a given stick
displacement. In other words, it achieves a nearly constant stick force per
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unit acceleration regardless of the flight condition. The gradient can be
readily tailored electronically to suit the pilot by changing the model or
the servo gradient.

The closed-loop method should be used for artificial feel in fly-by-
wire systems for several reasons., First, it eliminates the reliance on air
data camputation which is notoriously unreliable. Further, it replaces heavy
g-springs a.nd/or bobweights with rate gyros and accelerometers which quite
often already exist in the airplane for use by the AFCS or SAS. In addition,
since the system provides feel characteristics that are nearly independent of
the airframe, the feel of rll aircraft within a class (e.g., fighters or
bombers) can be standardized.

Factors in implementing an artificial feel system include friction,
backlash, location of the column or stick and its displacement, whether series
or parallel trim is used, airframe deflections, visibility, end the harmony
between axes. They all have a bearing on how the system feels and performs.
The complexity also depends on the particular axis. Because the pilot's feet
are relatively insensitive to reaction forces, simple springs on the rudder
pedals provide adequate feel for the yaw axis. Lateral axis control is much
more sensitive so that spring forces are kept low and, consequently, so are
friction and inertia. Again simple springs are usually adequate. The major
proplem occurs in the longitudinal axis. Therefore, the following discussion
will be limited to that axis for a fixed-wing aircraft.

Basically, the control feel for a fixed-wing aircraft is measured by
the response of the vehicle to a control command. The pilot can measure this
response by a "feel" presented to him by the control stick, the acceleration
forces on his body, and his visual attitude cues. The control stick feel will
be provided by the force which he has to exert upon the stick and by the posi-
tion of the stick relative to a straight and level trimmed position. In re-
viewing various authorities on pilot performance, they commonly agree that a
pilot controls a conventional fixed=-wing aircraft primarily by force.

Position information also contributes, but it has a smaller influence.

For a given applied elevator stick force, the plilot would like the
corresponding steady-state normal acceleration as illustrated by figures 10
end 11. Several basic requirements are illustrated by these figures. The
pilot requires that the control stick have positive centering; this allows
him to trim the vehicle to a reference flight orientation and stay in trim.
It also reduces the possibility of inadvertent inputs and cross coupling.
Once he has broken out of the positive centering area, the pilot would like a
near linear relastionship between incremental stick force and resulting normal
acceleration. However, a means of limiting acceleration is required to pre-
vent the pilot from over-controlling and causing structural damage to the
vehicle.

) The steady~state stick force gradient requirement for various opera-
tional altitudes is illustrated by figure 11. This constraint provides the
pilot with a vehicle with constant response characteristics to a fixed force
comnand, regardless of airspeed.
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The longitudinal stick forces and control feel, defined by figures 10
and i\ represent the requirements for a steady-state maneuver. In addition,
for a given maneuver, the stick forces should be higher for a rapidly applied
command than for a slowly applied one as shown in figure 12. This factor
provides an additional feel indication of the acceleration magnitude of the
commanded maneuver. If this characteristic were not provided, the structural
limit load factor could be exceeded.

The following discussion looks at the factors that govern the
selection of a more complex artificial feel system over a simple spring.
As a simple model, consider the system as illustrated in figure 13. This
system is an irreversible pitch control system for a conventional fixed-wing
aircraft using a linear spring for artificial feel. The spring displacement,
stick force, and elevator position can be approximated by the following
relationships

‘8 = Kl‘ e

Fg = *Kole

K, = +K3K (1)

where K represents the linear spring gradient; K; is the static gain between
the stick position and the elevator surface.

Since the handling qualities of the pitch axis are generally refer-
enced to the steady-state normal acceleration, we need the normal acceleration
(steady-state) characteristic to a step elevator command. Of the varicus
methods available for approximating the normal acceleration term, the
simplest is to evaluate the steady-state response of the system transfer
equation. Equation (2) presents the simplified transfer equation relating
the normal acceleration characteristics to the elevator command.

a(e) - IM.-z‘e + uoz‘epg] s+ uolz.eng, . u.ezvl
4 (8) - 2 7 ()
s -luOM‘;+Z'+Mq]l+Mqu-u°L&
The steady-state response to a step elevator command may be defined by,
n (s) Zy M, - N, Zv]
e e

.e(') quv' oM luo

(3)
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aerodynamic characteristics and making the assumption that M Z <Ku M,
this expression takes the form: Qv ow

n CM'
Q
—sE—) - (4)
s CM za e

The stability derivative Cy may be further expanded.
a

CM = (-.CG - No) Cz (5)
a e
Introducing this relationship back into equation (4) reduces it to
n CM‘ CZ
2.3 e @ (6)
3., mw |- = Cgz
e (Xog = N,) cz. de

Since the data available is generally in the form of the dimensional deri-
vatives, it 1s necessary to rewrite equation (6) in the following form:

M
nz IW 'e
.-;— = -Z‘ - X —_— (T)
. e mf - NO)C

The expression (Xog = No)C defines, in feet, the difference in the location
of the vehicle center of gravity and stick fixed neutral point and I /m is
required for dimensional correctness. Equations (1) and (7) may now be used
as a basis for discussing the handling characteristics of an irreversible
control system having a simple spring for artificial feel.

As established in the previous section, the feel requirement is for
a constant stick force per increment in normal acceleration. Introducing
equation (1) into equation (7) defines an expression for our control system.
Ko
M
4 )
A + _EY e
‘e mnC (XCG O NO)

(8)

Examination of the above equation discloses that at a specific altitude,
speed, and center of gravity position, the artificial feel spring constant
may be selected to provide the required stick force/g characteristic F/n
where n = (n,/g). However, for a fixed spring constant Fg/n will be a
variable: a function of vehicle aerodynamics and the static margin. As an
1llustration of this point, data were gathered on the Lockheed SST using the
above equations. For a given flight condition and static margin, a spring
constant K was selected which provided 60 lb/g response characteristic. This
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reference system was then perturbed by holding the static margin constant and
changing the airspeed by 115 percent. The results are illustrated by the
dashed lines in figure 1. Next, the airspeed was held constant and the
center of gravity allowed to deviate from the reference position by *10 per-
cent. These results are defined by the phantom lines. Reviewing figure 1%
and its characteristic equation (8), it is evident that a simple spring arti-
ficlal feel system is inadequate. The deficiency, as illustrated, is due to
the changing eserodynamics and c~nter of gravity movement. Therefore, a simple
linear spring will not meet the feel requirements. However, if the spring
were augmented by parameters which are related to the change in the aero-
dynamics and center of gravity location, the resulting artificial feel system
wvould he adequate.

The approach shown in figure 15 utilizes a q-spring and stabtilizer
trim position to control the feel characteristics. We would like the stick
forces to be proportional to the dynamic pressure q and surface deflection;
that is,

Fg = q, (9)

which together with the control surface to stick gearing from equation (1)
becomes

Fg = Kjas (10)

where the original K in equation (1) becomes now K;q. This method of
artificial feel is known in the trade as q feel or Kqé feel. The variation
of q with velocity, shown in figure 16 is nearly linear up to about Mach
0.7.

A typical g-spring produces a force gradient proportional to the
pressure differential across the diaphragm of a bellows. This assumes that
the bellows acts as a zero-rate spring or a perfectly extensible membrane.
The pressure differential p; - pg, vhere py 1s the total pressure and pg is
the static pressure as measured gy a pitot tube, can be expressed in terms of
the dynamic pressure.

Q= - py = 1/200° = 0.7p, M

q = dynamic pressure lb/f*t'.2

# = ambient air density slugs/ft> (11)
U = true airspeed ft/sec
M = Mach number

Then F = l((pt - p‘) = Kqeg = 0.7Tpg KM2 | P
Figure 17 shows the typical control feel responses that can be

expected versus Mach number. The q-spring improves the F,/n characteristics
for subsonic Mach numbers. However, for transonic and supersonic Mach
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numbers, Fg is too high not only because of the higher q but because of the
lower normal acceleration response of the aircraft with increasing Mach number
as shown in figure 18. The Fs/n for supersonic Mach numbers can be reduced
to a tolerable level by compensating the bellows with springs or alr bleed
devices, but this adds undesirable complexity. A small electromechanical
actuator varies the neutral position of the g-spring according to the trim
condition. This accounts for center of gravity and static margin variations
and relieves the steady-state stick forces.

Other popular artificial feel producers include single and double
bobweights which produce forces in response to aircraft motion. The bobweight
amounts to a lead weight cantilevered off the stick or its associated linkage.
The spring plus bobwelights system produces forces proportional to stick de-
flection and normal and anguler acceleration. The mechanization is simple and
reliable, but it is heavy and adds control inertia.

No one has ever designed an optimum artificial feel mechanizetion, and
no one ever will until a standard handling qualities criterion has been
established. The feel mechanizations employed thus far in history have been
the result of series of compromises of acceptable handling qualities against
the various mechanization designs and problems. The situation will be no
different for fly-by-wire systems except that the mechanization problems will
be much smaller due to the increased design flexibility. One of the goals of
fly-by-wire design is to reduce system weight and volume. Therefore,
mechenizations using q-springs and bobweights are to be avoided.

The closed-loop method of implementing feel has considerable merit
from many aspects including weight, space, performance, and its ready integra-
tion with the SAS, CAS, or AFCS for economy of utilization. This method
utilizee - feedback blend of normal acceleration, pitch rate, and pitch ac-
celeratic.. because these are the dynamic response cues that the pilot senses.
Experience has shown that a pilot attaches less importance to ¢ as velocity
increases since, for a given n, transient, both the peak and steady-state
value of é are reduced. Conversely, at low velocities as in the approach
condition, the ¢ ~ue is more important than n,. Although the blend is not
entirely new, it has been defined by Boeing personnel as C* (pronounced
"C star") = Ky n, + Ko 0+ K . C* can be represented by a signal con-
sisting of a blend of the ougputs of a pitch rate gyro and a normal ec-
celerometer mounted at the pilot's station. The outputs of the two sensors
are combined in a fixed ratio. The relative contributions of each term
automatically vary with velocity due to the inherent characteristics of the

z/‘ and /J transfer functions. The steady-state relationship between
n, and ¢ in any aircraft is

2
H (radians n, (ft/sec”)
s sec U (ft/sec)

The crossover velocity U co» where the relative contributions are equal,
defines the gain of ea.ch parameter. commonly occurs around 400 f*ps. The
term accounts for the pilot's positfon relative to the center of gravity.
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The F=111 and A-TA use essentially this approach. In the F-111, C* = hnz + 0
wvith the @ term being incorporated into the n, term. Pilot acceptance of this

scheme is excellent which speaks highly of its potential for fly-by-wire
application.

Boeing has proposed the use of the time history of C¥* for a step
comand as the new handling qualities criterion to replace the Cornell
"thumbprint"” currently being used. The thumbprint defines an acceptable area
on a graph of short period frequency & versus short period damping ¢. The
argument is that vecause the pilot senses positions, velocities, and accel-
erations, and a time history envelope conveys information relating to all
of these, a time history envelope is more likely to provide correlation with
pilot opinion than the thumbprint. The thumbprint is deemed inadequate
because the pilot does not think in terms of e-¢{, and nonlinear response
cannot be properly described.

2. PREVIOUS FLY-BY-WIRE WORK

Investigations into fly-by-wire control techniques both in this country
and in England date back t¢ the mid-1950's. Unfortunately a major share of
the wvork was done on in-house or classified projects and never found its way
into the literature. Most of the reported work has been done on three mili-
tary funded programs starting in about 1960. Currently two funded programs
and at least two in-house programs are known to exist in the United States.
A number of fly-by-wire systems have been proposed in the past including the
B~TU, Concorde SST (France), Avco Vulcan bomber (England), and the Gloster

GA-6 fighter (England), but the only system ever constructed was for the X-20
Dynasoar which never flew.

a. Funded Studies

The early funded work started in 1960 when Douglas Aircraft Company,
Long Beach, California, wvas awarded an Air Force contract for study of an
Electrical Primary Flight Control System (Rer 9). In 1962 the Army awarded
Kaman Aircraft Corporation, Bloomfield, Connecticut, a contract to study
Self-Contained Electronic Flight Control Systems (Ref 10) particularly aimed
at VIOL aircraft. In 1963 the Army also awarded Massachusetts Institute of
Technology, Instrumentation Laboratory, a contract to study "Advanced Flight
Control Systems Concepts for VTOL Aircraft" (Ref 11). This last program was
more concerned with optimizing flight control than with fly-by-wire.

The Douglas study begaa in 1960 with the goal of rerlacing the
mechanical flight control linkage between the control stick and the surface
actuators with an electrical link in which no electronics or switching is used.
The spectre of unreliable vacuum tubes and early transistors very likely
spavned the idea of eliminating electronics. Switching was eliminated also
for reliability reasons just as it is minimized today. The system operates
directly from ship's ac powver to eliminate any dc conversion equipment.
Therefore, the control stick position transducers are LVDT's (linear variable
differential transformer), signal summation uses transformers, and the
hydraulic servovalves use ac torquers. Figure 19 shows a diagram of the
system for the pitch axis. The system employs triple redundancy to obtain
the desired reliability which is equated to the Douglas AD Skyraider pitch
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control system reliability. Monitoring is performed at the servovalve
torquer vhich also serves as the suming Junction for the servo input and
mechanical feedback. These are shown schematically in figures 20 and 21.

An electromechanical actuator in the actuator's feedback linkage supplies
trim. A cockpit display presents the signals from the three servovalve
torquers so that the pilot can visually monitor operation of each axis. The
signai from each torquer drives one of three small bars on the display.
Under normal conditiors the three bars move together to form a line that
moves up and down. When a channel fails, its bar moves away from the other
tvo. The pilot then notes the difference and disables the failed channel by
manually operating a swvitch that places a choke in series with the electrical
signal to reduce the signal to a very low value. This technique is in-
adequate because the monitor distracts the pilot's attention from his more
important flying duties. An automatic failure detection scheme was there-
after devised to eliminate this problem. The scheme compares the torque
generated by the servovalve torquer flux against &« fixed spring torque. When
a failure causes the flux to exceed 105 percent of normal maximum, the spring
torque is overcome to operate a hydraulic shutoff valve. This scheme was not
implemented in the laboratory model so that neither its effectiveness nor
svitching time vas determined. However, failures in the servovalve second
stages would escape detection. The actuator employs three tandem rames and
three servovalves having coupled second-stage spools. Active redundancy 1is
employed.

The probability of a failure of the fly-by-vire system was estimated
at 3.15 x 10-% for a 1. 5 hour mission compared to 6.15 x 10°% for the original
mechanical nylte- tbe probability of one failure occurring was
101.7 x 10™ 20.1 x 10" respectively. In other words, the fly-by-wire
system would inc.r a system failure only half as often, but it would require
maintenance actions five times as often as the mechanical system.

While the Douglas study shoved that a fly-by-wire system could be
designed vithout electronics or switching to match the reliability of a
mechanical system, the study and the design had a number of failings. First,
the study failed to include any discussion of artificial feel implementation
vhich is vitally important to a practical fly-by-wire systen.

Second, the ac servovalve torquers are very inefficient devices which
require a great deal of electrical power from the stick position LVDT for
operatvion, particularly since additional torque is required to operate with
the mechanical feedback. The three valves require a total power of 50 watts.
The triplex LVDT absorbs another 60 watts at its maximum displacement.

Third, the size and weight of the components are extremely high thus
partially negating one of the basic advantages of fly-by-wire of size and
veight reduction. The breadboard models of LVIT and servovalve (excluding the
actuator) veigh 30 and 55 pounds respectively. Although flightworthy com-
ponents would certainly weigh much less than this, the trend is obvious. For
comparison, a triplex signal LVDT would weigh about 5 ounces.

Fourth, the magnetic summing and monitoring techniques are not

practical for two reasons: (1) signals from different power supplies cannot
be summed inductively unless they are exactly synchronized; otherwise the
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output signel will bear no significant relationship to the desired signal; and
(2) because the transfer impedance of a transformer depends on the flux level
in the core, the output level for ome input signal depends on the presence and
level of a seccnd input. This nonlinear effect causes a varying forvard path
gain in the control system.

Fifth, the gradient of surface deflection per control stick displace-
ment is reduced by one-third for each electrical channel failure. One chan-
nel failure reduces the command torque at the servovalve input tc two-thirds
normal which is balanced by the feedback torque produced by two-thirds normal
surface deflection. The change in control authority would reduce system
performance significantly even for the first failure.

Finally, the use of mechanical feedback and coupled servovalves pre-
sents very difficult design and synchronization problems. At least 2 years
vwere spent in developing a prototype model vwith only limited success. We
conclude from the above evaluation that the Douglas approach i3 not suitable
for use in fly-by-wire systems. Although the results vere negative, the
program has provided a beneficial contribution to fly-by-wire development
because it will prevent others from attempting the same approach. Work for
the Air Force by Douglas is still continuing but with redirection to include
electronics and a different actuator approach.

The Kaman study, which began in 1962, had the purpose of determining
vhether the intrinsic advantages of self-contained electronic flight control
systems (i.e., fly-by-wire systems) could be realized at that time or in the
near future vhile maintaining adequate safety and reliability. A reliability
goal was established from failure rate data of the flight control systems of
aircraft used by commercial airlines. The goal equals the running average of
commercial flight control system failures from 1952 to 1959, which is 0.23
failure for each million flight hours. Equivalent values for military opera-
tions were not available. Kaman employed the H-34B twin-rotor helicopter for
comparison of fly-by-wire and mechanical systems. Figure 22 shows the flight
control installation in that aircraft. Figures 23 and 24 show functional
schematics of the derived electronic flight control system (EFCS) for the
lateral cyclic and collective pitch axes. The lateral axis is independent
of the other three so that the diagram shows the basic technique derived.

The collective axis combincs the thrust (or lift) and directional axes, and
the diagram shows the required interconnections. Figure 23 shows that

Kaman has used standby redundancy to achieve a fail-operational system.
Triplex induction potentiometers serve es conmtrol stick transducers. Onme
transducer provides a reference for comparison with the active transducer.
When a failure occurs in either one, the monitor switches out the active

unit and switches in the standby one. The system employs dual bydraulic
actuators in standby redundancy. The fault detector (monitor) compares the
rms values of the coomand and servo position transducer outputs to detect
failures. Upon detecting a failure, the monitor switches out the active
actuator and swvitches in t§§ standby one. The probadbility of a system failure
wvas calculated as being 10°° for a 10-hour mission. However, this number is
not valid for several reasons. First, the generic failure rates wvere used
vhich assumes that the application f{ is one. However, for the sources
quoted, K, = 50 fo _g airborne applic 1 . Hence, the channel failure rate
is not 10. 66 x 10"° but rather 533 x 1 » This alone brings the probability
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of system failure up to (10 x 533 x 1076)2 = 28.4 x 1076. Further, a number
of single elements can fail that will cause system failure (i.e., in series
with respect to reliability). These include the monitors, clutches, and
relays. Also, since the standby channels are not monitored, the monitor could
switch in a failed channel. Assuming an optimistic failure rate of 10~5 for
each of the four series elements (two clutches and two monitors and zeleys),
the probability of system failure becomes 4 x 10 x 10=5 + 28.4 x 100 = 4,28 x
10~4 for a 10-hour mission for each of the four axes for a total system rate of
1.8 x 1073, This more realistic value is a long way from the goal of

0.23 x 10-6. The results of this system design study point up the need for
eliminating the series reliability elements, monitoring all of the system
elements, and employing enough channels to maintain operation after two
failures.

The MIT study, which began in 1963 and is still in progress, is to
develop advanced 'light control systems for VIOL aircraft. The objective is
to develop practical control systems which provide optimum control character-
istics for VTOL aircraft throughout their flight regime under all weather
and combat conditions. This program considers the manual and automatic flight
control systeme as an integrated system to provide the optimum system. The
study concerns only the functional aspects of the control system; it does not
consider such factors as reliability, maintainability, cost, and weight.

The MIT and Sperry Phoenix programs are approaching the problem
of optimizing the design of aircraft control systems from opposite directions.
Yet they are arriving at very similar conclusions. The MIT approach, in the
process of determining the optimum controller configuration, has determined
that incorporating the fly-by-wire approach is desirable. The Sperry Phoenix
approach, in the process of determining the optimum fly-by-wire system
configuration, has determined that incorporating artificial feel (i.e., the
controller) is desirable. The fact that the MIT study is limited to VTOL
aircraft does not alter the conclusions.

MIT is currently flight testing their concepts in a Vertol CH-U6C
in which the copilot's mechanical system has been replaced by an electrical
link and the advanced flight control system. The pilot's mechanical controls
remain in the airplane for backup since the advanced system is nonredundant.
Therefore, in the strict sense, the system is not fly-by-wire at this time;
it would be classified as a pseudo fly-by-wire system because it has mechanical
reversion capabilitics. The cxact system implementation is not known except
that the electrical system drives through the mechanical system so that the
safety pilot's controls move in parallel with the electrical stick inputs.
Position transducers are employed on the copilot's control sticks to generate
the electrical command signals. The controller, which is comparable to the
artificial feel system, consists of an inertial velocity measurement systenm
for flight path control during hover and cruise.

b. In-House Studies

In addition to the funded studies, a number of in-house programs are
known to have existed or are presently under way. Very little is known
about the results of these works since they seldom find their wvay into the
literature. Discovery of the existence of such programs comes during plant
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visits or private conversatione. In-house fly-by-wire studies are known to
have been done at various times at General Dynamics/Convair (San Diego) and
Fort Worth, Minneapolis-Honeywell, North American Aviation (Los Angeles),
Boeing (Seattle), Sud Aviation (France), Avco (England) and Elliott Brothers
(England). In-house studies of various levels are now under way at the Flight
Dynamics Laboratory of the Research and Technology Division (Wright-Patterson
Air Force Base) and Vertol (Morton, Pennsylvania).

The Convair study (Ref 12), performed in 1956-7, was one of the
earliest reported works in fly-by-wire :ontrol. Convair recognized the
problems of mechanical control system designs particularly in high-performance
interceptor aircraft. They also recognized the benefits of a closed-loop
control system using aircraft rate feedbacl to obtain the desirable handling
characteristics (constant stick force per g and positive trim stability). A
moving cockpit simulator having a single degree of freedom (pitch axis)
allowed evaluation of their concepts. Both center and side sticks were
available for evaluation. System evaluations were performed by giving the
pilot a task of tracking a target or holding a specific attitude while
simulated gust disturbances were being introduced. The conclusions of the
study were that a fly-by-wire could be designed having as good a performance
as a mechanical system, and it would also be lighter and more flexible.
Further, the system should use ac transducers and active triple redundancy
for improved reliaebility. Although the confidence level of achieving
adequate system reliability at that time was very low, the confidence in the
future application of fly-by-wire was very high.

The more recent work at General Dynamics/Fort Worth investigated the
application of fly-by-wire to the F-1ll to reduce weight and save space.
While the weight and volume were reduced approximately in half, the question
of proven reliability prevented its application except for the spoilers.
These are discussed later under Applications and described in Section VIII.

In 1958-9 Minneapolis-Honeywell studied the application of fly-by-wire
concepts to future supersonic aircraft (Ref 13). This theoretical study also
concluded that fly-by-wire systems held considerable promise in solving the
growing problems of mechanical systems =-- if only the reliability could be
improved to match that of the mechanical system. The proposed solution was to
use a fall-operational primary system with a simple standby channel for
emergency backup. Again, a closed-loop control system was used by employing
rate and/or acceleration feedback, but surface rate was also added as & feed~-
tack parameter for integral control. The liguid metal gervovalvel being
developea by General Electric (Ref 1li4) for the Air Force was proposed because
it has no moving parts and should be, therefore, very reliable. This method
uses the eutectic alloy of sodium-potassium-cesium which remains liquid from
-102°F (-74.4°C) to +1332°F (+722°C). Because a conductor carrying a current
in a magnetic field develops a force, the liquid can be pumped by an electro-
magnetic input to form a servovalve. The command inputs, electronics, and
feedback sensors are triplex and fail-operational. The actuator is dual but
with no monitoring specified. Design recommendations include separately
routea cables using wire with mixed steel and copper strands, transformer

lDevelopment of NaKCe components is still underway with the first flight
test scheduled for 1969.
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isolation to eliminate the effects of shorts, the use of inductive trans-
ducers, and reducing the rmumber of comnections wherever possible,

The B-70 Division of North American Aviation (Los Angeles) investi-
gated the application of fly-by-wire techniques to the XB-70 control system,
This airplane has a very difficult design problem because the cable runs are
very long and routing is difficult. This was discussed previously, The
design study did not proceed very far when reliability uncertainty squelched
the project., The throttle system remained electrical, however, because an
operational mechanical linkage could not be designed,

Little is known of the other past in-house efforts, Sud Aviation
originally designed the Concorde supersonic transport to use fly-by=-wire
control, but the Federal Aeronautics Agency demanded mechanical reversion
capability before it would allow the aircraft to be used by the U,S, carriers,
Avco (England) at one time proposed a fly-by-wire comversion of the Vulcan
bomber, tut it was not accepted, Elliott Brothers fabricated a highly
redundant cockpit mockup of a fly-by-wire system for exhibit and demonstratiocn
at an Aviation Exposition in England in 1963,

The Flight Dynamics laboratory (FDL) in-house program, which began
in 1966, is aimed at converting a B-U7 to fly-by-wire to provide flying proof
of its feasibility, The conversion will progress in stages beginning in 1967
with a nonredundant pitch axis system having mechanical reversion, Flight
tests will provide checks on the performance characteristics, A C¥* feedback
system will then be installed in conjunction with a side-stick controller,
The side-stick controller and C¥* feedback will then be used with a redundant
servo actuator using hydraulic logic, The final phase of the in-house program
will be test of a 1iquid metal actuator package with C* feedback and a side-
stick controller, The Sperry Phoenix program is related to and operates on a
parallel timetable with the FDL program, Sperry is tentative’r scheduled to
fly a redundant three-axis system in 1969 in a second B-47,

The Vertol in-house study program is in the preliminary stages of
planning, The program is concentrating on applications of fly-ty-wire
techniques to future VIOL aircraft of all types and sizes including rotary
and tilt wing, Vertol refers to the electrical flight control system which
replaces the mechanical system as an Advanced Flight Control Linkage (AFCL)
rather than a fly-by-wire system,2 Preliminary plamning calls for design,
fabrication, laboratory test, and flight test of a prototype system in a
CH-U6 helicopter, Sperry has recamended a fly-by-wire implementation for
the AFCL based on the results of the present study program, The systen is
described in Section VIII,

¢. Applications

While the applications of fly-by-wire technology to aircraft are very
limited, other applications range fram sulmarines to space vehicles. Known

2Very likely the study has been strongly influenced by the MIT program which
is using a Vertol CH-46 machine for flight test work, MIT refers to their
optimum comtroller as an Advanced Flight Control System,



applications include the X-20 Dynasoar, the Mercury-Gemini capsule series,
Apollo and LEM (lunar excursion modules, F-111 spoiler., and XB-TO and CL-LbL
Argus throttles. The throttle system problems were discussed earlier.
Several applications have been proposed and denied as we have already men-
tioned. A proposed English fighter, the Gloster GA-6, was to have had a
fly-by-wire system, but the entire program was cancelled at an early stage.
No information has been obtained on this aircraft.

A little-known fact in the aerospace industry is that the newer
submarines use fly-by-wire control or, in some cases, fly-by-fluid control.
Thise fact is not so surprising when we stop to consider that the control
mechanization problems are not much different in submarines than in aircraft.
They are also subject to friction, deadzones, compliance, hysteresis, back-
lash, routing provlems, and body bending. Their control frequencies are
several orders of magnitude lower, but they are "flown" through the water by
an operator who controls pitch, roll, and yaw contrcl surfaces much like en
aircraft. At least one hydrofoll craft was known to have used electrical
control linkages from the cockpit to the foil actuators.

The X-20 Dynasoar flight control system (Ref 15) is the only known
existing fly-by-wire system, yet even thic system never flew. The X-20
similator, which uses most of the prototype hardware, is located at the Flight
Dynamics raboratory of the Research and Technology Divisiom, Wright-Patterson
Air Force Base. Figure 25 shows a block diagram of the elevon control system.
Most of the details of the aircraft are still classified, but conventional
automatic flight control system design techniques were employed. The signifi-
cant points for the purpose of this study are as follows. The primary control
system is fail-operational with an additional direct electrical link avail-
able for emergency backup control. The system is functionally very similar
to the F-111 flight contiol system in that it uses essentially C* feedback
and an adaptive gain control loop to maintain maximum servo gain and optimum
handling characteristics. While the adaptive gain control 1s triplex in
both systems, the remainder of the X-20 system differs in that it is only
duplex. In-line monitoring and hardover detectors continuously and indepen-
dently check each channel to achieve the fail-operational capability. 1In
case both channels fail, a direct link is available to provide a fixed sur-
face deflection per stick deflection gradient. The backup link has no arti-
ficial feel, of course, and operators find flying it through the transonic
range almost impossible. The progability of a system failure for a l.hour
flight is estimated to be 3 x 107 which is still an order of magnitude
higher than the Kaman criterion of 2.3 x 10-7 for a l-hour flight (commer-
cially). Since presumably the 3 x 10-0 figure is acceptable, the ratio of
10:1 could establish the criterion for military flight control systems safety
with respect to commercial flight safety.

The vehicles of the various space programs, Mercury, Gemini, Apollo,
and LEM, use fly-by-wire techniques to save weight and space. The Mercury
system was actually a pseudo fly-by-wire system since it had a mechanical
backup system. The surprising fact abcut these systems is that they tend to
use nonredundant channels and stress tie alternate modes approach to re-
dundancy rather than replicating channels. For example, the LEM has three
alternate modes of control varying degrees of degraded performance from the
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primary mode. (The X-20 had two alternate modes although replication was
used.) By using well-tested, high-reliability components (such as Minuteman
quality), single-channel reliability can be made very high for these rela-
tively simple systems. Pilot monitoring further simplifies them. The
adequacy of pilot monitoring for space vehicles was borne out when Cemini ex-
perienced a primary roll axis hardover failure during the docking me ieuver
with the Agena target vehicle. The failure was 1solated, the primary axis
deactivated, and the secondary system activated within a matter of a few
seconds. This type of operation is allowed because such limited tumbling
motions generally cause no harm as long as the pilots do not become dis-
orienteua. Little danger of collision exists except possibly while docking.

The F-1l1 spollers are fly-by-wire for two reasons. First, it is
required because of the difficult design problem presented by the swing wing;
and second, it is allowed because the spollers are secondary roll control
devices which are active when the wing sweep is less than 45 degrees. The
rolling tail furnishes the primary roll control. Performance of this system
is being watched with interest because it is the first semblance of
fly-by-wire in an operationel aircraft. Over 2,000 flight hours have accu-
mulated on these spoilers as of this writing vithout a system failure.
Component failures have occurred in the servos. They have been caused either
by faulty manufacture or by the incompatibility of some of the exotic metals
being utilized, namely titanium bearing on titanium. These problems re-
portedly have been eliminated.

The problem posed by the swing wing is that the hinge point for the
spoiler control linkages varies with wing sweep angle. A very complex
mechanical arrangement would be required to accommodate these variations.
Therefore, electrical linkages have been implemented to solve the problem.
Dual redundancy is employed since two sets of spollers are used on each wing.
A nonredundant actuator and channel operates each spoiler. When one spoiler
fails, it 1s locked down along with its mate on the other wing to maintain

symmetry.

One other application of fly-by-wire which may come about soon is on
the 1ift fan VIOL in which the thrust diverter louvers, particularly in the
wing, are very difficult to control mechanically. This problem occurs in the
VS/FRG Mach 2 VTOL Fighter.

3. RELATED WORK

In addition to the known fly-by-wire studies which have heen discussed in
the preceding sections, a number of other programs and systems exist that
are strongly related to fly-by-wire systems design and technolcgy. Such
programs included command or control augmentation systems, fully boosted
control systems, model reference flying simulators and redundant flight
controls,
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Command augmentation is a technique of paralleling the mechanical control
command with an electrical stick command signal into the stebility augmente-
tion system. The electrical signal bypeasses the friction and nonlinearities
of the mechanical system for improved control. This technique is also called
control stick steering. The stick transducer may be either position or force;
both are used. The signal can be shaped to provide the desired rate response
from the aircraft since a command or control augmentation system is
effectively a limited-authority (because the SAS normally ie authority limited)
rate autopilot. The resulting control system provides more accurate rate
control. With high SAS gains, the system provides a very high static
stiffness to the control system producing an effect much like integral con-
trol. Normal acceleration feedback :: then added to achieve better response
at high speeds where the rate response drops off. The rate loop then domi-
nates control at low speeds where the acceleration response drops off. The
addition of acceleration feedback also eliminates dependence on air dates 1t'or
gain control. With the addition of acceleration feedback, the CAS becomes
more than a rate autopilot. It becomes essentielly what has been called a C*
command system in parallel with the mechanical control system. Gain control
of the inner stability eugmentation loops may be either fixed or variable
through adaptive controllers. The system provides heavy gust demping while
providing fast, well-controlled responses to commands. The resulting CAS is
a full-time system which becomes the primary control system with the mechan-
ical system being used as a backup. This is the approach being used on the
A-TA (Ref 16) with fixed gains and on the F-111 (Ref 17) with adar*‘ve gains.
Pilot comments on the handling qualities of these systems are very .avorable.
The approach will aleo be utilized in the newer high-performance aircraft such
as the SST, Boeing 747, advanced manned strategic bomber (AMSA), and the
advanced fighter/attack eircraft (VFAX/FX).

The importance of CAS to fly-by=-wire technology should be obvious from its
functional similarity. Removal of the mechanical backup controls from e CAS
leaves a system very similar to fly-by-wire.

Fully-boosted control systcms are of interest primarily because they are
irreversible and require artificial feel as does fly-by-wire. The problem
of implementing artificial feel or in optimizing the controller is common
ground which we have already discussed. The vast and continuing work being
done in this area is directly applicable to fly-by-wire technology.

Another facet of boosted systems of interest is their mechanical
reversion capatility. Mechanical reversion allows the pilot time to recover
control while correcting or clearing a fault (if possible). Runaway or
hardover controls are the primary reason for mechanical reversion rather than
power failure. The lack of mechanical reversion is the biggest deterent
to the application of fly-by-wire control today. Yet the Caravelle commercial
transport has no mechanical reversion. Tt relies on triplex hydraulic
supplies and actuators to provide necessary reliability. This aircreft has
supplied an important lesson in fly-~b:-wire design: route the separate con-
trol and power lines as far apart as possible. A Caravelle was lost because
the design violates this rule. All of the aileron hydraulic lines pass
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through the wheel wells. A brake fire in one of the wheel wells burned
through all of the hydraulic lines causing loss of lateral control and the
airplane. Hopefully, this problem has been eliminated.

A flying simulator is an aircraft modified by the addition of an electri-
cal flight control system ir. wvhich the dynamic characteristics of the air-
craft can be modified through an electronic model for study of stability or
handling qualities or for study of the flight characteristics of proposed
aircraft. The original flight control system is retained for normal flying
and for safety since the electrical system is always nonredundant. The two
systems are functionally independent up to the point where the simulated
system's output sums into the original system which usually occurs at a series
actuatcr. The electrical system is functionally related to fly-by-wire
gystems in that it emplcys various electrical sticks and it can vary and con-
trol the handling qualities of the airplane. The USAF and NASA have modified
a number of fighter and small bomber aircraft (such as the B-25, F-94, F-101,
and F-102) for variable stability studies, to evaluate sidestick controllers
and adaptive flight control systems, and to simulate such aerospace vehicles
as the X-15 and X-20 for pilot training. We have already mentioned the con-
verted CH-46 that MIT is using for advanced flight control system studies.
Boeing (Seattle) has converted their TOT prototype, the Model 367-80, for
variable stability and handling qualities studies. Grumman is building for
the Navy seven copies of the TC-4C, which is a modified Gulfstream I, that
vill simulate the A-6A for flight training. A complete A-GA cockpit will be
constructed in the passenger compartment, and all of the A-6A avionics will
be included in the airplane. Correll is modifying a Convair C-131 (a turbo-
prop version of “he C-340) for a total in-flight simulatior. of such advanced
aircraft as the AMSA, SST, and C-5A. An entire cockpit and nose section will
be added forward of the existing cockpit which will be retained. The added
section will be changeable to allow simulation of the various aircraft.
Variable stability flying and simulation will be done by using response-
feedback techniques as well as by model-reference techniques using an on-board
computer.

The application of redundancy to flight control system design is of
particular interest to fly-by-wire technology because through its application,
the required system reliability and safety result. Redundancy has been
applied primarily to those subsystems of an aircraft affecting flight safety
such as the SAS, CAS, or the AFCS in all-weather landing (AWL) modes. The
degree of applied redundancy relates to the degree that the system affects
flight safety. The SAS or CAS in most high performance aircraft is now or
will be triplex. Such aircraft include the B-gB, F-111, X-15, X-20, 88T,
T47, C-5A, AAFSS, and IHAS. When Category III3 AWL comes to pass, the
AFCS will very likely be triplex. These systems are mostly required to be
fail operational. Triple redundancy with voting is the brute force technique
of gaining that end; it is inefficient and adds undue complexity, cost, and

3
Category III has several subclasses, but it essentially refers to zero
visibility conditions.
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weight to the system. Fly-by-wire systems reguire a greater failure tolerance
since they must generally operate after double failures to obtain the desired
degree of reliability and safety. This means e.ther employing @& higher degree
of redundancy, using more finesse in applying recundancy to optimize it, or
both. Sperry Phoenix has had a program for seversl years which uses finesse
in optimizing redundancy. The technique, called fnil-passive design (Ref 18),
designs out the causes of active (i.e., hardover) failures so that the
resulting channels or components fail in a pessive manner only. A fail-
passive component or channel fails in such a wuy that it has no output and
does not interfere with the normal operation of s parallel component or
channel. By using fail-passive design, a fail-safe system requires only one
channel not two, a fail-operational system requires only two channelg not
three, and so on. Furtnermore, little or no monitoring or switching equip-
ment is necessary.

To demonstrate the power of this new dcsign tool, consider e repre-
sentative control channel having a total failure rate A >f lO'h each hour.
Typicaliy, the relative probebility of a hardcver fajilur: in control channels
ranges between 0.1 and 0.7; let us assume 0.5. Therefor:2, the total failure
rate of the channel consists of the sum of the active failure rate A, of
5 x 10-2 each hour and the passive failure rate A, of 5 x 10-5. Assuming
our system has two parallel channels, an active fgilure in one channel pre-
vents the normal operation of the other so that the system fails. Therefore,
the probability of a system failure Q is the sum of these failures. Passive
failures allow the other channel to continue working. Q is the product Jf
these failures because both channels must fail in order to constitute a sys-
tem failure. The system failure 1s then the sum of the two terms

Q=2at + (Apt)2 where t is time and
Q=2x5x10"7x 1+ (5x 102 x 1)2 vhere t = 1 hour

Q@ =10"%42.5x 1079

Note that the active faillure term dominates by five orders of magnitude over
the passive failure term. If all failures were passive, then

Q= (107% x 1)2 = 1078

The state of the art in fail-pa “ive design can reduce the relative probabil-
ity of active failures to about 9&1 percent. For our example, then ka = 107
each hour, A, © 107 - 10-T = 10°* each howr, and

Q=2x10T+ (10°% x 1)2
or

Q=2x10"T+ 108 = 2.1 x 107 for1 hour.

This represents three orders of magnitude improvement in system reliability
through fail-passive design techniques.
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We can further compare the fail-passive epproach to the conventional

triplex voted method which requires three channels plus three comparators

end voting logic. The failure rate A of the monitor equipment per channel
1 will typically be no more than 10 percent of the channel failure rate or 1072
in this case. We can further make the blithe assumption that monitors are
fail-safe (i.e., indicate their own failures) so that monitor failures do not
cause system failure unless all three fail. In a conventional triplex system,
the monitor votes out the first failed channel leaving two working ones. On
i a second failure the monitor cannot determine which channel has failed so
; both are turned off. Therefore, the system requires that two of the three

channels work for success, and because the monitors do not differentiate
between types of fallures

g =

i Q = 3(at)?
For our exauwple
: Q=3 (0% x 112 =3 x 108

which is very close to the ¢ of the fail-paseive system. However, the total

failure 1ate of the triplex vote? and fall-passive systems are 3.3 x 10™* and
r 2 x 107" respectively. The relative cost, size, and weight will be in
' approximately this same ratio of 1.65:1.
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SECTION IV

DISCUSSION OF FLY-BY-WIRE CONTROL

1, INTRODUCTION

The preceding sec4ion has d ccribed briefly the evolution of flight
control systems, discussed the problems of mechanical comtrol systems, and
shown how flight control systems are evolving toward fly-by-wire. The
benefits of fly-by-wire with the help of same examples will ncxt be detailed,
and then a fly-by-wire control system with some indications of needed
develomment will be described functionally,

2. BENEFITS OF FLY-BY-WIRE

Our definition states that a fly-by-wire control system is an electrical
primary flight conmtrol system employing feedback such that vehicle motion is
the controlled parameter., Fly-by-wire provides a redundant integrated flight
control system with the reliability and flexibility necessary to solve the
increasingly camplex problems of flight controls, This solution to the flight
controls problem results in additional benefits, A reduction of comtrol sys-
tem weight of 150 to 750 pounds mey te realized by fly-by-wire controls with
recovery of a major part of the volume nomrelly allowed for control linkages,
cable motions, and artificial feel devices, The weight and space savings could
be used for other aircraft subsystems or to improve aircraft performance.

The weight reduction would especially enhance VIOL performance where the power
to weight ratio is often marginal. Control system performance is improved by
the elimination of the compliance, friction, and inertia of the mechanical
linkages, Since the control system and airframe are mechanically uncoupled
except at the actuator, the effects of airframe flexibility and temperature
variations are reduced to a minimm, Fly-by-wire techniques provide these
performance gains and weight and space savings with a reduced initial design
effort and with simplified installation and mainternance., Fly-by-wire also
provides a means of standardizing flight comtrols between aircraft and in-
creasing the flexibility of cockpit installations, An additional benefit of
fly-by-wire controls is their reduced vulnerability to tattle dumage. This
fact alone makes fly-by-wire controls attractive to military users. To meet
the control system reliability requirements, fly-by-wire comtrols employ re=-
dundancy techniques, Redundancy implies an increase in the rumber of com-
ponents and an increase, therefore, in the mmber of maintenance actions
required, However, modular packaging and failure reporting circuits lower
maintenance time so that the overall maintenance costs will actually be less,
The main disadvantage fly-by-wire has to overcome is the lack of confidence in
system integrity caused by a distrust of nommechanical system reliability.

-

|

i

A simplified diagram of the F-111 mechanical pitch/roll control was shown
in figure 9 of Section II, Figure 26 shows an equivalent fly-by-wire system
mechanization of this system, The relative simplicity of the fly-by-wire
system is obvious even though it is highly redundanmt. Section VIII contains
a coamparative analysis of the weight, volume, and cost of the F-111 control
system and a fly-by-wire equivalent, The results are shown in table XV of
that section, The results show about a 50-percent reduction in weight and
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volume, The results of a similar weight analysis by General Dynamics are in-
cluded for comparison, The General Dynamics weights essentially corroborate
Sperry's estimates, A cost savings greater than the 15 percent shown would
result because savings in design costs are not reflected, The F-111 will be
discussed later,

On the XB-T0 flight control system, North American originally proposed a
fly-by-wire approach. Unfortunately, this approach was discarded in favor
of a more conservative approach, and the design wound up mechanical. The
schematic dlagrams of the pitch end roll axes are shown in figures 27 and
28. The appendix contains a complete mechanical diagram of the system. It
demonstrates the magnitude of complexity to be expected in such large air-
craft as the SST, AMSA, and C-5A. At the conclusion of the design of the
XB-T0, the designers compared notes on the two approaches. They determined
that the fly-by-wire approach would have saved 675 pounds and 90,000 of the
100,000 hours of design time.

Fly-by=-wire would have provided many other advantages in the XB-TO
according to the designers. In addition to eliminating the control linkage
routing and fuel cell seal problems described in Section III, it would have
also

a. Saved space

b. Provided better control resolution

¢. Reduced inertia

d. Eliminated high-temperature bearings

e. Eliminated mass unbalance in the control system

f. Been more flexible to design changes

g. Beea easier to make redundant

h. Reduced the interface problem with the other aircraft subsysicms

Fly-by-wire would also allow the use of sidestick controllers which would
allow moving the displays closer to the pilot and would reduce pilot-
inertial coupling.

The CH-U6 study, which is also detailed in Section VIII, demonstrates
that fly-by-wire can cut the weight of the control system from 550 to 135
pounds. By similarity, the same fly-by-wire system would work in the CH-L4T
as well, and it would cut that aircraft's control system weight from 880 to
135 pounds. Furthermore, the maintenance time for each {fiight hour would be
reduced by approximately two orders of magnitude. A Douglas study of the
proposed DC-10 flight control system indicated that fly-by-wire would provide
a weight savings of 230 pounds for a linkage system that is almost entirely
cables. The weight savings for the F-111 and B-52H (Section VIII) would be
277 and 415 pounds, respectively.

The use of fly-by-wire techniques accrues some additional benefits
because of its design flexibility and simplified interfaces. The Alr Force
has a study program, being prrformed by the Bendix Corporation, to deteitiine
whether the flight control system can be employed to alleviate gust loads on
the eirframe. The study, being performed on the B-52H, is trying to find out
whether reducing the peak airframe stress levels can lengthen the service
life of large expensive aircraft. The approach being used is essentially to
add a CAS which modifies the controli signels in such a way as to prevent
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large commands from overstressing the airframe and to attenuate body bending
modes. Control signal modification may be done with precisely fixed filters
or through adaptively-controlled variable filters. Since the means to

add such a capability to a fly-by-wire system would already exist, an imple-
mentation could be readily incorporated. A similar situation exists with
direct 1ift control in which wing 1lift is controlled directly (through the
use of high-speed flaps, collective ailerons or spoiiers, or boundary layer
control) to improve flight path control particularly during landing. Such a
scheme could be more easily implemented in a fly-by-wire system than a
mechanical system. In fact, the Navy is adapting the A-TA to direct 1lift
control through fly-by-wire techniques.

3. FLY-BY-WIRE SYSTEMS DESCRIPTION

From a systems viewpoint, the flight control system should allow the
pilot to maintain direct and effective path control under all flight condi-
tions with a minimum of error and effort. Direct and effective implies that
simple commands should produce flight path corrections with adequate speed
and precision. Effort includes mental as well as physical. The fundamental
decisions on the control philosophy must be guided by intuitive principles,
involving simplicity, reliability, and the integration of sensors, computa-
tions, and controls. A well-behaved system is best obtained through a
closed-loop r.pproach in which the desired flight path is the input and the
actual flight path and dynamic response parasmeters to be controlled are fed
back.

The pitch, roll, and yaw axes of the fly-by-wire control system that
has evolved from our studies are shown in figures 29, 30, and 31. The
technique s very similar to the command or control augmentation schemes
employed in the F-lll and A-TA. The pitch axis employs the C* blend of pitch
rate and normal acceleration feedback. The roll axis feeds back roll rate p,
vhile the yaw axis feeds back yaw rate r, and lateral acceleration Dy . The
requirements for feedback depends on the airplane; it is generally re-
quired to eliminate sideslip during maneuvers thereby providing automatic
coordination.

The closed-loop control systems in conjunction with the spring re-
strained control stick provide the necessary artificial feel. The feedback
signals are compared with the command signals from the stick position (or
force) transducers which have been shaped by a command model. The difference
is an error’'signal vhich drives the control surface through & high gain
servo. In operation, the higher the forward gain K, the less effect the
aircraft dynamics have on the feel and the aore the aircraft feels like the
model. Aircraft feel, therefore, can be readily tailored for auy aircraft (to
personal preference if desired) using essentially the same system. Adeptive
control can be added to optimize the response for all flight conditions by
keeping the K as high as stabillity will allowv. The more simple fixed gain
(or manually varied gain) normally supplies adequate performance by selecting
the highest gain usable at the worst case flight condition.

When the highest possible loop gains are used, the control system
response approaches that obtained by integral control. Integral control
provides all of the advantages of attitude displacement feedback for accurate
path control while retaining good command response characteristics. Integral
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Simplified Block Diagram of Fly-By-Wire Control System - Roll Axis
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control may be provided by adding a single-degree-of-freedam rate integrating
gyro (RKIG) in the command path or by use of an integretor in the C* loop.

This approach provides all-attitude capability while remaining independent of
inertial platfoms or attitude gyros. The pilot cammand through the RIG yields
a proportional C¥ response, The cammand torques the RIG gimbal, The RIG inte-
grates the aircraft rate response resulting in a roscopic torque on the
gimbal thereby opposing the camand torque, These two torques are equal at the
comanded aircraft rate, Gimbal rotation is always very small so that the gyro
can be said to be iynchronized to the aircraft at all times, When the pilot
removes the cammand, the RIG holds the aircraft at the existing attitude.
Hence, there is all-attitude path control, Without command inputs the RIG acts
as an attitude gyro by generating error signals proportional to changes in
attitude, The RIG actually does this by integrating body rate, but the inte-
gral of rate is attitude, Only two RIG are required; one for the longitudinal
axis, and one for the lateral axis, The lateral axis RIG is located in the
roll command path, but it actually senses yaw rate, This takes advantage of
the normal interaction between the roll and yaw axes to simplify the control
system,

A comparison of the performance of the C¥* command system and integral
control of C* would show that the latter would act like a neutrally stable
airplane. That 1is, the aircraft would tend to stay in whatever attitude the
pilot places it. The adaptive-gain C* and fixed (lower) gain C* systems
would act less and less like a neutrally stable airplane. Integral control
provides excellent path control which would be very beneficial to tracking
tasks. The C* command system would not hold an attitude quite as well which
would make it more comparable to present-day systems. Integral control has
what some critics term a serious handicap. When approaching a stall condi-
tion, it will continue to maintain a fixed attitude. This tends to wash out
the mild buffeting that precedes stall onset which would ordinarily alert the
pllot. The system could continue to hold attitude on into the dangerous deep
stall region. If stall warning devices of some type were not available to
forewarn the pilot, he could find himself in deep trouble without realizing
it. The C* command system would not have this problem because the pilot
would notice the buffeting in time to recover. A neutrally stable ailrplane
nay be objectionable to pilots during combat maneuvers because of the complete
loss of speed feel. C* command acts like an imperfect integral controller
that retains a suggestion of speed feel particularly in the fixed-gain sys-
tem. This 18 a subjective argument which bears verification. A decided
advantage of the C* command system is that it does not require the RIG which
is a relatively expensive and unreliable mechanism. Therefore, because of
its relative simplicity and apparently more natural fcel characteristics, the
C* command should be used for the basic fly-by=-wire system. Integral control
should be added for long-term attitude control in the form of a slow inte-
grator in parallel with the command system much like a series automatic trim
function. Fast integral control for tracking and fire control can be added
as required.

Artificial feel implemented by the C¥* command approach has several
advantages over other methods.

a. It provides nearly neutral speed stability which permits tracking
during rapid speed changes without trim.
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b. Aircraft response conforms to angular rate at low speeds and normal
acceleration at high speeds.

c. System is independent of airspeed or altitude.

d. It provides good command response while maintaining high gust
demping.

e. It is flexible so that signals from other subsystems can be added.

f. Feel is independent of the aircraft; therefore, all aircraft of a

class (e.g., fighters) could have the seme feel and use the same
components.

€. It utilizes sensors which nearly always already exist in the aircraft
to augment stability. Therefore, additional components such as
g-springs and bobweights are unnecessary.

In the system block diagrams, the direct (backup) path parallels the
normal operational path. Because of the high gain of the normal contr>l and
the relatively low gain of the backup control, the normal control dominates
until it is disengaged because of fallures. Presence of the backup control
creates a small bias which does not affect normal operation. The direct
control path supplies a simple but sluggish backup control for the system
with essentially no feel provisions. It will provide emergency control of
the aircraft to get the pilot back to his base. Trim ie applied either in
series at the servo by an electrical bias in parallel, by an actuator on the
control stick to position the neutral point, and/or through a separate trim
actuator (such as to move trim tabs or the horizontal stabilizer). The
pilot's controller is a spring-centered stick with an electricel output from
either position or force transducers. The stick (or wheel) may be either a
conventional type which is center located or a small stick which is located
at one side. Minimum system redundancy will be either three parallel real
channels and a model (simulated) channel or four parallel real channels. The

reasoning behind this redundancy level is discussed in Section VI under
Tradeoffs.

The general advantages of fly~by-wire control over the conventional
mechanical designs are summarized as follows:

a. Improves control performance through better dynamic response

control and the elimination of friction, backlash, hysteresis,
compliance, inertia

b. Smaller installed weight and volume

¢. Reduces total cost of ownership including initial, maintenance,
and logistics costs

d. Better maintainability and logistics because of the reduction in
the number of critical parts, easier access, and higher level of
interchangeability between aircraft
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e. Reduces vulnerability to minor structural damage, maintenance
errors, and battle damage

f. Greater cockpit installation and orientation flexibility
g. Eliminates coupling into body bending modes
h. Reduces the required design effort
i. More flexible to design or performance changes
4. DEVELOPMFNT OF FLY-BY-WIRE

The preceding discussion has shown where fly-by-wire technology stands
today. Our present studies have shown that a practical fly-by-wire system is
within the present state of the art. However, a great deal of reluctance to
use it exists because of the lack of confidence in maintaining system integ-
rity and because of a lack of familiarity of design groups with the available
components and design techniques. The first logical step, therefore, is to
build an experimental laboratory model of a fly-by-wire system to demonstrate
its operation under simulated failures. This model will also demonstrate the
use of state-of-the-art components and the effectiveness of existing design
techniques.

Construction and evaluation of a laboratory experimental model of a
representative fly-by-wire system will accomplish a number of ends. First,
it will demonstrate the systems operation and performance under various
failure conditions; second, it will provide data to establish performance
requirements; third, it will provide a test bed for testing other techniques
which may become available during the course of the development; and fourth,
it will provide the data needed to design future flightworthy systems.

The next logical step is to convert an existing aircraft to fly-by-wire
using the data from the experimental model. Then, by putting as many flight
hours on it as possible, the integrity and practicality of fly-by-wire can
be demonstrated. Successfully completing this step should provide the
impetus to all those people in industry who are waiting for in-flight proof
of fly-by-wire maturity.

We are interested in the capability of designing fly-by-wire systems
today. Hence, we want to use as much available and proven hardware as
possible. As shown in the following sections, very little development is re-
quired except in the actuator area. Here the prime concerns are the proper
application of redundancy and the ability to prevent failures from adversely
affecting system performance.
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SECTION V

DESIGN CONSIDERATIONS AND SYSTEM COMPONENTS

1. DESIGN CONSIDERATIONS

A wide selection of components is available today for use in fly-byv-wire
systems. While little doubt of this fact exists in the industry, few people
are aware of the choices and the optimum combinations in terms of weight,
volume, cost, reliability, maintainability performance, and power drain. To
determine which types of components are required, a number of general
approaches to mechanizing fly-by-wire along with related syctzu consider-
ations will be discussed first. Component Types will then be described.

One of the first factors to consider in establishing the approach to
mechanizing a fly-by-wire system is the method of signal transmission. For
the immediate discussion, the term “fly-by-wire" can be considered a
catchall phrase meaning any nonmechanical technique for signal transmission.
We could Jjust as well fly by fluid or light or radio. We have already defined
fly-by=-wire as an electrical primary flight control system in which vehicle
motion is the controlled parameter. Fly-by-fluid is similarly defined as the
technique of fluidically transmitting all control signals from the pilot's
station to the control surface actuators. This technique has the potential
advantage of not requiring electrical power. Such an approach was at one time
considered for the Concorde SST. In a fly-by-fluid system, control stick
motion modulates a pressure control valve so that it operates as a position
transducer, that is, the output pressure is proportional to stick position.
While such a transducer does not presently exist, little development would be
required in designing one. The pressure change is transmitted along a pair of
hydraulic lines to operate the servo control vaelve. Mechanical feedback
would be used on the actuator. Several fluidic SAS are being developed
which could be summed hydraulically or an electrical SAS could be summed
through an electrohydraulic valve. Actuator monitoring would be hydraulic.
While such a scheme appears to be workable, it has several basic drawbacks.
Because of the compressibility of hydraulic fluid, a signal time delay
results. The delay time or lag in a line 100 feet long is about 24 milli-
seconds based on a typical speed of sound in the fluid of 4,200 feet each
second. Because of line reflections, the system could resonate at about 6.6
hertz. To maintain a resonable phase margin, the frequency response would
have to be limited to about U4 hertz. The acceptability of the actual limit,
and hence the fly-by-fluid technique, depends on the application. On large
aircraft, it may well be unacceptable because of the very long lines required.
Other drawbacks include the weight of the pressure control lines needed for a
redundent system which would very likely be triplex. These lines are in
addition to the actuator supply lines. The trim input transducer may require
development. It would provide a control pressure bias. An acceptable
artificial feel mechanization would also require development. In summary, the
fly-ty=-wire fluid tectnique would have the advantage of not requiring
electrical power, but it has the disadvantages of requiring additional
development and having limited frequency response.
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A fly-by-light technigue may also be considered briefly. Currently
avallable components require the use of electrical transducers with signal
conversion to light for transmission along optical fiber bundles. Recon-
version to an electrical signal is required before commanding conventional
electrohydraulic servos. The advantages of optical transmission are that
stray signal pickup and interference are eliminated, interchannel isolation
is ensured because common paths or short circuits canuot occur, and a very
high degree of redundancy is available within the glnss fiber bundles. For
example, a 1/8-inch bundle contains about 70,000 fibers, each 0.0005 inch in
diameter. These very small fibers are very flexible and strong. Fiber
‘undlés are currently used in some aircraft for observing in flight (from
the cabin) the raising and lowering of the landing gear or the operation of
fuel cells and control surface actuators. The disadvantages include the
relatively high cost of fiber bundles of about a dollar for each foot and the
very high optical attenuator along the bundles. The attenuation is
approximately 50 percent in 6 feet. In this case, pulse-modulated signals
would be desirable. As will be shown later, pulse or binary signals of any
type are undesirable. Since the high signal attenuation is also undesiratle,
optical transmission can be ruled out.

The rly-by-radio technique transmits control signals via v-f energy thus
eliminating wires altogether. However, this technique can be ruled out
imnediately because of the possibility -f interference with the ship's instru-
ments and radio and radar equipment and because the many bulkheads within the
airframe effectively prevent signal continuity.

The conclusion of this discussion is that electrical signal transmission
is the desired technigque within the present state of the art in control
system dcsign. The next important factor to consider is tre signal format or
type since this grossly affects or is affected by the available equipment
and its complexity. The signal type can be divided into five categ.ries.

a. DC

b. AC

c. Pulse modulation
d. Digital

e. Multiplex

DC and suppressed carrier ac are the only commonly used signal forms in
aircraft control systems. All available servovalves require dc drive cur-
rent. Further, signal shaping and interchannel summing are best done with
dc. Shaping with ac signals requires a supply frequency that is much more
stable than is available in aircraft supplies. For a similar reason, summing
signals from channels powered by different supplies i1s ditficult if not
impossible because the supplies are difficult to hold in phase let alone to
hold at the same frequency. AC amplifiers are commonly used to eliminate the
effects of amplifier drift, but amplifiers are now being built having nearly
the drift characteristics of an analog computer amplifier. For example,
drift can be readily maintained within 20.25 percent of full scale output
over the temperature range -131°F (-55°C) to +255.2°F (+125°C) with $0.05
percent capability available. AC electronics are employed in fail-passive
designs to eliminate the effects of hardover failures. I'.ilures produce
large dc outputs to which the ac circuits are insensitive. Fesill-passive
design wvas discussed for reliability -‘easons in Section III. Finally, since
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inductire transducers are preferred, sumi. ac electronics are required to
process their outputs. Although other signal formats have advantages of
noise immunity or circuit simplicity, their overall complexity plus the
functional simplicity of the fly-by-wire system makes the use of other than
simple dc or surpressed carrier ac difficult to justify. With the possible
exception of digital signals, all other formats require complex conversion
equipment at the transducers and other inputs and again at the servos. Such
signal formats include frequency modulation, various forms of pulse modu=-
lation (e.g., rate, width, amplitude, code and delta), and forms of multi-
plexing (e.g., frequency snd time). Furthermore, even simple signal shaping,
such as a lead or lag function, is often difficult to perform without
additional circuit complexity. or reconversion to dc. Digital signal formats
(wnole word or incremental) could be applicable where digital transducers and
acutators are available because no conversion equipment would be required.
Signal shaping still requires excessive complexity for the whole word format
but not for incremental computation. In either case, a practical digital
servoactuator is not available within *he current state of the art. Present
digital actuator designs, which are being developed btv a number of companies,
tend to be large and complex. We conclude then that both dc and suppressed
carrier ac should be used in fly-by-wire systems because system complexity
and cost are minimized, and reliability is maximized. DC signals should be
used for signal shaping, summing, and for the servovalve drive. AC signals
should be used in conjunction with transducers and in fail-passive circuits.

To determine the components required for a typical fly-by-wire control
system, we can refer to the block diagram shown in figure 32 which might
result from a preliminary design. The components can be categorized into the
control stick, transducers, transmission line, summing Junctions, electronics,
actuators, artificial feel sensors, and the trim actuator and switches. The
hydraulic and electrical power supplies are excluded. Table I indicates the
developmental status of the various types of transducers and sensors that are
applicable to fly-by-wire systems. Table II summarizes the important trans-
ducer characteristics. Table III shows the performance requirements for the
transducers and sensors.

2. CONTROL STICK
a. Introduction

A control stick may be a center. stick or wheel or a small sidestick
hand controller. The selection of one of these types lies basically in the
realm of human factcers and depends heavily on the desired cockpit organi-
zation. The following discussion describes sidestick controllers because
they enhance the benefits of fly-by-wire systems more than center sticks or
wheels and because they may very well not be as familiar to the reader.
Sperry does not contend that center sticks or wheels should not be employed
in fly-by-wire systems, but they are less desirable because of thelir larger
size and veight and their relative position 1in the cockpit. The discussicn
considers the type of stick, articulation, cross coupling,.trim control, and
parameter adjustment. The design of a typical sidestick controller is also
presented. The design is based on Sperry's extensive beckground and on the
results of pre.ious military development programs in this area. (Refer to
references 19 through 25.) :
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SUMMARY OF COMPONENT CHARACTERISTI

TABLE II

Signal

Power

Cost

A

Component T Level Size Weight (dollars) |Each 106 hr

Control Stick
Position Transducer |
LVDT ac Low |1/4Dx 7/16 4n. L |1 to 5 0z |50 (short) |12

to

7/8 Dx 14 in. L 100 to 300

(long)
High [3 Dx 4 in. L 15 1b
Synchro ac Low |Size &, 3/b in. D |1 to 3 0z |40 to 100 |8
Potentiometer de Low 1 to 6 oz 5 to 25 100 to 200
ac
Digital Encoder binary |Lowv |2 + 1/4 in. D 1/4 to 1 1b | 200 to 600 | 100
code 1-1/4 to 3 in. L

8, 11 type
Control Stick
Force Transducer
B-Pickoff on a ac Low |1-1/2 x 14 in. 2.5 1b 800 to 12
Machined Spring series control 2.7 1b 1,000 for

1ink 3 D x 11 in. each axis

link in column
Fail or Wire Strain |ac Low 1l to 10 1n.3 for lto2 1b 800 to 24 for each
Gage on Load Beam dc load beam for load 1,000 for |bridge

beam each axis

Semiconductor ac Low [1to101n.3 for [1to2 1 [800 to 24 for each
Strain Gage on de load beam for load 1,000 for |bridge
Load Beam beam each axis
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TABLE II
SUMMARY OF COMPONENT CHARACTERISTICS
Tensile
Cost A
Weight (dollars) |Each 106 hr Strengtt_13 Comment s
psl x 10
1tos5 oz 50 (short) |12
100 to 300
(1ong)
15 1b
lto3o0z |40 tol1l00 |8 Includes induction potentiometer, linear trans-
former, linear synchro.
1 to 6 oz 5 to 25 100 to 200 Conductive plastic has best life.
1/4 to 1 1b | 200 to 600 | 100 1 turn = 100 to 620 counts.
Requires 10 KC to 200 KC ihAterrogation signal
plus electronics for readout.
2.5 b 800 to 12 Experience shows current technology can produce
2.7 1b 1,000 for more repeatable E-pickoff than strain gage
each axis type. Used in several systems.
lto2 1 800 to 24 for each
for load 1,000 for |bridge
beam each axis
lto211b 800 to 24 for each 12 volts excessive, 3 volts output, 0.5 percent
for load 1,000 for |bridge full-scale linearity, 0.2 percent full-scale
beam each axis null, maximum deflection 0.03 inch, 300 pounds
overload capacity.
Deposited type eliminates bonding.
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TABLE IT (comt)
SUMMARY OF COMPONENT CHARACTERISTICS

Te
Signal | Power Cost A
Copogent Type |Level Size Welght | (3011ars) | Each 10° hr pi:
Sumring Junction
Transistor ac Low TO-5 or Negligible [25 to 50 1
Amplifier dc 1/4 x 1/4 in.
pulse flatpack
1x1x1/2 in. 1 oz 4O to 200 | 3 to 6
Transformer ac Low |0.04 to 1 in.3 0.1toloz|5t010 |0.1to1
High 1 to 20 1bs |5 to 50 0.1 to 2
Optoelectronic ac Low T0-5 Negligible |25 10125 |1
Transistor dc
pulse
Adder/Register binary | Low 1l to 10 Negligible |60 to 100 | 0.1 to 1
T0-5 or
1/4 x 1/4 in.
flatpack
Fluidic dc Low 4O t0 200 | 1 to 6
Amplifier binary
Resolver ac Lov |Size 8, 3/4 in. D [ 1.5 oz 40 to 100 | 8
(Modified)
Transmission Line
Electrical Wire ac Low
dc or
Stranded copper pulse |High |#20 11 1b each |20_each 38
1073 feet |103 feet
(shielded)
Reinforced copper 50
Copper-clad steel 5 ]lb each 100
10”2 feet ,
(unshielded)
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TABLE II (comt)
SUMMARY OF COMPONERT CHARACTERISTICS

Cost A Tensile
Weight 6 Strength Comments
(dollars) | Each 10° hr pei x 103

fegligible |25 to 50 1 Microcircuit.

. oz 40 to 200 | 3 to 6 Discrete components.

))1toloz |5 to 10 0.1tol

L to 20 1bs | 5 to 50 0.1 to 2

legligible |25 to 125 |1

legligible |60 to 100 | 0.1 to 1

40 to 200 | 1 to 6

..5 oz 40 to 100 | 8 Used with fail-passive servo only. Has two
orthogonal stator windings and one rotor
winding.

1 1b each |20 _each 38

073 feet |103 feet

'shielded)

50 Three strands stainless steel and 16 strands

copper.

) each 100 to 150 |Resistivity two and one-half times copper.

0”2 feet |

‘unshielded)




TABLE II (cont)
SUMMARY OF COMPONENT CHARACTERIS

Signal | Power Cost A
Component Type |Level Size Welght (dollars) |Each 106 hr
ransmission Line
cont )

Optical Fiber pulse |Low |0.03 to 0.4 in. <1/ft
Bundle diameter
Hydraulic Line dc Low |1/4 to 1/2 in.

pulse or -D.

High

Hydraulic
Servovalve
Flapper Nozzle with |dc High 1-1/2 x 1-1/2 b 4 0.4 1b 300 to 500 |250 to 500
Power Spool (flow |8 to 1-1/2 in. to 0.6 1b A active =
control) 100 ma 2x2x3in. 50 to 100
Jet=-Pipe with Power |dc High |2 x 2 x 2 in. 0.6 1b 300 to 500 {250 to 500
Spool (flow 8 to A active =
control) 100 ma 25 to 75
Jet=Pipe, Single- de Low 2 x2x2 in. 0.5 1b 300 to 500 |100 to 200
Stage (pressure 8 to A active =
control) 100 ma 0.3
Acceleration pulse |High |2 x 2 x 3 in. 0.5 to 1.0 | 200 to 400 IN/A
Switching 12 ma 1b

to 500

ma

= s S o DA A PO IR W o e

e ——



-«

TABLE II (cont)
SUMMARY OF COMPONENT CHARACTERISTICS

Cost A Tensile
leight (dollars) |Each 106 P Strengtl_13 Comment s
psi x 10
<1/ft Transmission loss 10 percent per foot. Fiber
diameter 10 microns (0.0005 in.) to 75 microns
(0.003 in.). 1/8 in. diameter bundle has sbout
70,000 fibers. Can be coherent.
4 1b 300 to 500 [250 to 500 Standby leakage flow generally less than
5 1b A active = Jet-pipe; has higher pressure gain.
50 to 100
65 1b 300 to 500 |250 to 500 Jet-pipe is much less susceptible to clogging
A active = than flapper nozzle.
25 to 15
51 300 to 500 |100 to 200 Essentially no moving parts; Jet-pipe acts like
A active = cantilever spring. Used in fail-passive
0.3 actuator.
5 to 1.0 | 200 to 400 |N/A
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b. Moving Versus Rigid Stick

The possibility of using a pure force-sensing (rigid) stick is
attractive in that problems with pivot location and articulation, discussed
in subsequent paragraphs, are nonexistent. Development work by the military
has shown that pilot performance with rigid stick controls is acceptable for
many tasks; however, it is inferior to that with a moving stick particularly
for high-demand tracking tasks.

c. Controller Size and Shape

Side controller evaluation programs have studied various stick
shapes and sizes from conventional large center stick grips to low-force-
gradient "pencil sticks" of 1/8-1nch diameter. Flat handrest type control-
lers using the tracki!ng ball principle have also been evaluated. Although
accustomed to large grips, pilots frequently criticize their use in side
control applications in which the rotational pivot 1s near the base of the
grip; test results verify that more precise control is possible with the use
of a stick of diameter more compatible with the limited motion of the side
stick. Use of a pencil-type control is impractical not only because it
would at present be a radical departure from the ordinary but also because
the stick must provide for trim and interlock controls.

Another frequent objection to the use of conventional sticks as side
controllers is the necessity of moving the hand upward from its normal
position to reach the trim controls. A grip having a moderate diameter and
height would meet the requirement for precise control and provide adequate
volume for incorporating the necessary switches. A detailed component
descripticn of a practical stick grip is provided in paragraph V.2.g.

d. Articulation

The selection of pivot location for a side controller has been
critical to the success of previous designs. The simplest mechanization is
to pivot both pitch and roll (end yaw in a three-axis controller) below and
near the base of the stick grip. This design requires translational rather
than rotational hand motior, this has been considered disadvantageous
particularly in a high-g environment in which the forearm is by necessity
restrained. In three-axis controllers of this simple design, yaw-rcll cross
coupling is a particular problem which can be only partially overcome by the
use of high detent forces or by providing free ‘arm motion.

Various gimbaling techniques have been developed to overcome these
problems. Wrist-pivot controllers in which roll and/ or pitch motions are
gimbaled back to the wrist have been studied. Pitch rotation about the grip
center and roll rotation about the axis of the forearm as well as double-link
(articulated) sticks have also been studied. Additional difficulties have
arisen with each complexity; mass balancing becumes more complex, friction
and lost motion increase, use of new muscles is required, wristlock or
awkward control is observed. The use of wrist-pivot longitudinal cyclic
control, for example, results in an up-down hand motion effect rather than
fore-aft, r:quiring some retraining on the part of the pilot.
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Much benefit has been derived from these programs; however, they
indicate that as long as controller motion is restricted to certain limits
the simple pivot technique 1s best for applications such as the one in
question. Even the Gemini rotational side controller has evolved to a
relativelv simple design. Therefore, a short-throw, simply pivoted control-
ler that is integral with the armrest and uses @ broad handrest at the base
of the grip should be used. With the elbow on the armrest and the heel of
the hand resting on the stick, the rotationdl and slight translational hand
motions will be natural and analogous to current practice of resting the arm
on the right leg while using the center stick.

The controller should be provided with dual force gradients in both
roll and pitch to meet the feel requirements as discussed in Section III.
Control motions within the range of normal operation have a relatively low
force gradient; beyond this range, soft stops engage and a higher force
gradient is provided to the limit stops at the maximum stick throw.

e. Trim Control

The side controller normally includes & short-throw, four-way roll/
pltch beep trim switch at the top of the stick. Locetion of the trim control
has not proved very satisfactory in several previous side controllers because
the pilot had to change hand position to actuate the control. The hand
should not have to move up the stick to operate the trim switch; switch
operation should not cause inadvertent stick motions, and vice versa.

The question of beep versus wheel trim always arises, and no single
design has proved universally satisfactory. The current tendency particu-
larly in high-performance, fixed-wing aircraft is toward wheel (dis»l.cement)

trim (X-15, F-8). For helicopter/VIOL application, however, beep trim is
more satisfactory.

In present-day aircraft, retrimming is accomplished as follows. As a
result of a change in flight condition, the pilot finds himself holding a
constant force on the stick, displaced from trim reference position. He
actuates the trim switch, driving the magnetic brake/trim actuator to shift
the zero-force trim reference point toward the new stick position. His stick
force reduces at a constant rate. When he feels the force entirely relieved,
he stop. trimming, and a new trim reference position is therefore established.
This technique results in smooth readjustment of trim without attitude
oscillation.

Using a side controller without mechanical trim feedback to the
stick, the pilot has to return the stick position to center while retrimming.
With a wheel-type trim control, the pilot probably will have difficulty
adjusting the trim wheel continuously and smoothly and moving the stick at
the seme time. Attitude oscillations will probebly result. With beep trim,
precise control of the trim switch 1s not required; actuation of the trim
switch requires only that the pilot move the stick at a constant rate toward
neutral. Since this rate is the same at all flight conditions, the pilot
should readily learn how to retrim without causing oscillations. This
technique is more closely related to present practice than would be the use
of a wheel trim control.
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A block diagram in figure 33 shows how the trim system functions.
For simplicity, the figure shows only one redundant channel of one axis and
excludes safety monitoring. Actuation of the momentary trim switch drives
the integrator at a constant rate; the change in integrator output, up to
the trim limit stops, is proportional to the time the switch is held down.
Trim output then passes to the servo amplifier where it sums with the stick
position signal. Trim output shouwld also be displayed on a cockpit trim
meter for pilot monitoring Use of a cockpit trim switch, as shown, is
suggested to provide two functions: autcmatic trim-to-neutral for preflight
check list, and trim cutout in event of trim failure.

The trim system should be fail-operational and fail-safe. This
feature is compatible with the fail-sefe philosophy for SAS and related
sutsystems, and it is an improvement over the commonly nonredundant trim
systems. Prevention of runaway trim by the fail-safe monitoring is often
essential to the safety of the aircraft; although loss of trim is less
critical.

f. Requirements for Adjustability

The side controls and armrests should provide adequate adjustments
to accommodate the anthropometrical variations among pilots. Sperry has
previously designed an elaborate study-program side controller which also
provided simple in-flight adjustment of force gradient, detent force, and
damping. From this and other programs generally acceptable specifications
for these parameters have resulted. Therefore, a highly flexible design
would be unnecessarily complex. Selection of stick characteristics and
adjustment range can be based on results from these previous military pro-
grams; typical specifications are provided in the following sections.

g€. Typlcal Sidestick

A typical fly-by-wire sidestick controller, shown in figure 34,
provides guadruple output signals proportional to the displacement of the
stick grip from the neutral position in both the longitudinal and lateral
axes. In addition, a four-position trim switch, a pushbutton interlock
switch, and a trigger switch are provided at the top of the stick grip.
This sidestick controller includes an integral right-hand armrest for the
pilot's seat.

The sensor design consists of a two-axis gimbal system with con-
ventional coil springs for primary spring restraint. Two separate spring
rates are provided in all axes of control. A fairly light spring rate is
provided during the initial displacement of the grip and a stiffer spring
rate is provided during the last segment of grip movement. The grip angle
where the stiffer spring rate is contacted is 110 degrees in the pitch axis
and :7 degrees in the roll axis.

The controller includes a padded elbow rest which is adjustable fore
and aft. The elbow rest is lightly spring loaded to the full forward posi-
tion and adjustment is made by depressing the adjustment pin, moving the rest
rearvard to the desired position, and releasing the adjustment pin. The rest
will remain locked in this position until readjusted.
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The hard grip is designed specifically for sidestick controller
applications, The grip is smaller in diameter than a comventional center
stick grip, and provides a deeply contoured thunbrest at the back of the
grip for applying precise forward stick motions amd conventional finger
molds for applying aft motions, The four-position trim switch and the push-
button auxiliary switch are located on each side of the thumdb indentaticn,
The pushbutton switich is located on the left-hand side of the thumb inden=-
tation and the trigger switch is located under the forefinger position., An
access plate is located at the top of the stick to provide access to the trim
and interlock switches,

The stick grip is mass-balanced to prevent torquing moments about the
pivot points during g-loading; damping is provided in all axes of control,
The selection of force gradients, pivot location, grip shape, grip neutral
position, displacement angles, and switch locations resulted fram several
military development programs which established these parameters,

The mechanical performance characteristics are shown in table IV,

TAHE IV

MECHANICAL PERFORMANCE CHARACTERISTICS OF THE SIDESTICK CONTROLLER

Characteristic Performance

Grip 15 deg pitch
+12 deg roll
Pitch Force Gradient 0.7 1b/deg for 10 deg

1.5 1b/deg from 10 to 15 deg
Roll Force Gradient 0.3 1b/deg for 7 deg

0.9 1b/deg from 7 to 12 deg
Grip Neutral Position 15 deg forward (ad,justable)
8 deg inboard (adjustable)

Friction at Pressure Point 0.2 1b (max) at 3 g

Mass Unbalance

Damping

Pressure Point to Pivots
Detent Forces

Elbow rest adjustment
range from pressure point

8 in,~oz at 3 g (max)

1/4 sec from first stop to neutral,
no overshoot

3 in,
0.75 1b both axes

12,5 to 15.5 in,
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3. TRANSDUCERS

Transducers convert mechanical motion or force into proportional
electrical signals. They are used for control stick inputs, for actuator
feedback and/ or monitoring and possibly for flap pusition or wing sweep
position indication. Of primary concern are the control stick and actuator
transducers. Two classes of transducers can be employed on the control
stick: force and position. A relationship exists between the applied stick
force and stick position for commands at a given flight condition. The
relationship depends on the force and position cues that pilots prefer for
various flight conditions. For example, at high speeds, the force cues
predominate and the pilot likes a sensitive stick; at low speeds (approach)
position cues predominate and a loose stick is preferred. As long as the
proper relationship is maintained, either force or position transducers can
be employed. Employing both i; an unnecessary complexity because stick com-
pliance can satisfy the required relation. Two types of sidestick control-
lers have been employed. The first is a conventional gimballed stick which
has a centering spring and uses position transducers. The other is a force
stick which is firmly attached to its base (i.e., nongimballed) and uses
force transducers mounted on a compliant member near the base. The com-
pliance may allow no motion or large deflections. The gimballed stick is
more popular because of the motion cues that it supplies at low=Q flight
conditions.

Two types of force transducers are in use today. Both have low power
output suitable for signal use only. The first type employs an E=core
transformer pickoff or an LVDT (linear variable differential transformer)
position transducer to measure the deflection of a calibrated spring. The
spring is very stiff and is used as a series link with the applied force for
direct measwrement. It may also measure a fixed fraction of the applied
force. The output 1is linear to within 12 to 5 percent of full scale over
the temperature range. Temperature compensation is difficult because the
thermal dependence is nonlinear. The position transducers are inductive
devices having ac outputs. Both are designed to measure the very small
deflections which are typically #0.010 inch. Potentiometers are not
suitable because they introduce small deadzones due to contact friction.

The second type of force transducer employs a strain gage bridge which
is bonded to a strain member to measure the strains induced by an input.
The member usually transmits a small fixed fraction of the force, but it may
also transmit the full force. Redundancy 1s very easy to implement since a
gage might typically b